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ABSTRACT
Driven by the numerous applications of genome-related research, fully integrated
microfluidic systems have been developed that have advanced the capabilities of molecular
and, in particular, genetic analyses. A brief overview on integrated microfluidic systems for DNA
analysis is given in Chapter 1 followed by a report on micro-capillary electrophoresis (µCE) of
Alu elements with laser-induced fluorescence (LIF) detection, in which the monomorphic Alu
insertions on the X and Y chromosomes were utilized to detect male DNA in large female DNA
background (Y: X = 1:19) without cell sorting prior to the determination. The polymorphic Alu loci
with known restricted geographical distribution were used for ethnicity determination. A
valveless integrated microsystem that consists of three modules is discussed as well: (1) A
solid-phase extraction (SPE) module microfabricated on polycarbonate, for DNA extraction from
whole cell lysates (extraction bed capacity ~209 ±35.6 ng/cm2 of total DNA). (2) A continuousflow polymerase chain reaction (CFPCR) module fabricated in polycarbonate (Tg ~150 ºC) in
which selected gene fragments were ampliﬁed using biotin and ﬂuorescently-labeled primers
accomplished by continuously shuttling small packets of PCR reagents and template through
isothermal zones. (3) µCE module fabricated in poly(methylmethacrylate), which utilized a
bioaffinity selection and purification bed (2.9-µL) to preconcentrate and purify the PCR products
generated from the CFPCR module prior to µCE. Biotin-labeled CFPCR products were
hydrostatically pumped through the streptavidin-modiﬁed bed where they were extracted onto
the surface of the poly(methylmethacrylate) micropillars (50-µm width; 100-µm height; total
surface area of ~117 mm2). This SPE process demonstrated high selectivity for biotinylated
amplicons and utilized the strong streptavidin/biotin interaction (Kd = 10-15 M) to generate high
recoveries. The SPE selected CFPCR products were thermally denatured and single stranded
DNA released for size-based separations and LIF detection. The multiplexed SPE-CFPCR-µCE
xvi

yielded detectable fluorescence signal (S/N≥3; LOD ~75 cells) for Alu DNA amplicons for
gender and ethnicity determinations with a separation efficiency of ~1.5 x105 plates/m.
Compared to traditional cross-T injection procedures typically used for µCE, the affinity
preconcentration and injection procedure generated signal enhancements of 17-40 fold, critical
for CFPCR thermal cyclers due to Taylor dispersion associated with their operation.
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CHAPTER 1. INTEGRATED MICROFLUIDIC SYSTEMS FOR DNA ANALYSIS*
1.1

Introduction

Driven by the potential utility of genome-related research in terms of evolving
basic discoveries in biology, generating wide spread use of DNA diagnostics and
DNA forensics, fully integrated microfluidic systems for genome processing have
developed at an accelerated pace. To produce a microsystem with favorable
performance characteristics for genetic-based analyses, several key operational
elements must be strategically chosen, including device substrate material,
temperature control, fluidic control and reaction product readout. As a matter of
definition, microdevices are chips composed of a single processing step, for
example microchip electrophoresis. Several microdevices can be integrated to a
single wafer or combined to a control board as separate devices to form a
microsystem, which is defined as a chip composed of ≥2 microdevices. Among the
many documented analytical microdevices, those focused on the ability to perform
the polymerase chain reaction (PCR) have been reported extensively due to the
importance of this processing step in most genetic-based assays. Other
microdevices that have been detailed in the literature include those for solid-phase
extractions, microchip electrophoresis and devices composed of DNA microarrays
used for interrogating DNA primary structure. Great progress has also been made in
the areas of chip fabrication, bonding and sealing to enclose fluidic networks,

*

Reproduced with permission from Springer
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evaluation of different chip substrate materials, surface chemistries, and the
architecture of reaction conduits for basic processing steps such as mixing. Other
important elements that have been developed to realize functional systems include
miniaturized readout formats comprised of optical or electrochemical transduction
and interconnect technologies. These discoveries have led to the development of
fully autonomous and functional integrated systems for genome processing that can
supply “sample in / answer out” capabilities. In this chapter, focuses on microfluidic
systems that are composed of two or more microdevices directed toward DNA
analyses. The discussions will primarily be focused on the integration of various
processing steps with µ-capillary electrophoresis (µCE). The advantages afforded by
fully integrated microfluidic systems to enable challenging applications, such as
single-copy DNA sequencing, single-cell gene expression analysis, pathogen
detection, and forensic DNA analysis in formats that provide high throughput and
point-of-analysis capabilities will be discussed as well.

1.2

The Human Genome Project

The completion of the human genome sequence in 2003 is one of the most
important scientific accomplishments in human history1 and marked a significant
milestone for the Human Genome Project (HGP). This achievement has led to
compelling genomic and proteomic research discoveries with unprecedented
impacts in areas such as forensic DNA analysis,2-5 medical diagnostics,6, 7 infectious
disease management,8-11 and chemical and biological sciences.12,
2
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Some of the

important tools for DNA processing include solid-phase extraction and purification of
DNA, PCR or other thermally-induced amplification strategies, electrophoresis and
DNA microarrays. While many conventional benchtop tools currently exist to process
DNA samples, efforts are being heavily invested into further automating the
processing strategy, reducing cost of performing the assay and also, increasing the
sample throughput. Discussed in this chapter is the use of microfluidics, in particular
integrated systems, for processing a variety of DNA samples.

1.3

Molecular Processing Pipeline for DNA Analyses
Complete nucleic acid analyses (RNA or DNA) for a variety of applications can

be accomplished using commercial benchtop instruments and typically consists of
several molecular processing steps including: (1) Lysis of cells to release the nucleic
acids of interest; (2) purification and isolation of the nucleic acids from other cellular
components (e.g. cell debris and proteins); (3) amplification of trace amounts of
nucleic acids to generate sufficient copy numbers for detection; and (4) analysis of
unique regions within the genetic material using a combination of techniques. To
complete an entire assay, it commonly requires a well-equipped laboratory and
significant technical expertise with intervention at several stages of the processing
pipeline to manipulate samples and/or reagents. In addition, the total time required
for sample processing can be several hours to several days.
Derived from the concept of micro-total analysis systems or lab-on-a-chip
platforms first proposed by Manz et al.14 in the early 1990s, the emergence of

3

integrated microfluidic systems, which incorporate several molecular processing
steps into a single platform with sample-to-answer capabilities, are particularly
compelling for DNA/RNA analyses. To create such a system, a series of discrete
devices performing specific molecular functions such as cell lysis, nucleic acid
extraction and purification, nucleic acid amplification and other supporting analysis
techniques (e.g. capillary electrophoresis, microarrays) must be interconnected with
minimal dead volumes due to the ultra-small samples processed (pL – nL) with fluids
manipulated using on-chip or off-chip components, such as micropumps,
microvalves and micromixers (see Scheme 1.1).

Scheme 1.1 Flow diagram showing the molecular processing steps required for analyzing
nucleic acids. The main steps include cell lysis, nucleic acid extraction and purification, PCR
amplification and analysis methods for identifying the resultant products. For each of the
processing steps shown, a device will have poised on it one of these functional steps and each
device may be comprised of various components, such as pumps, valves and micromixers in
order to carry out the desired operation. A system is comprised of two or more devices, meaning
that it will have integrated onto it multiple processing steps. The ultimate goal is to incorporate all
of the molecular processing steps onto a single platform to provide sample in / answer out
capabilities with no operator intervention.
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As noted previously, microsystems are composed of 2 or more microdevices and
in many cases; microdevices consist of components, such as on-chip valves, mixers
and/or pumps. In most cases, DNA/RNA processing requires multiple processing
steps and as such, devices need to be combined, either in a single wafer format or a
modular format, to form the system targeted for a given genetic analysis (see
Scheme 1.1).
1.4

Microfluidics and DNA Analysis
The capability of handling a volume of liquid as small as a few nanoliters and

even a few picoliters, the common sample size in most microfluidic systems, can be
utilized to permit DNA extraction following cell lysis and thermal reactions without
creating sample dilution, minimize reagent usage, provide process automation, allow
in-the-field analyses and minimize possible contamination. Microfluidic systems also
offer rapid, accurate, and cost-effective analyses. Performing sequencing or
genotyping using microfluidic platforms can lead to significant increases in
throughput as well. For example, DNA sequencing read lengths of 600–800 bases
can be achieved in 25 min using µCE with a separation channel length of 20 cm
(Sanger sequencing),15 whereas the same separation would require 1–2 h in a
capillary array electrophoresis (CAE) system.16, 17 In the sections that follow, we will
give a brief introduction to the various microdevices that have been fabricated to
process nucleic acids such as cell lysis, extraction and/or purification of the nucleic
acids, their amplification, determining sequence variations and readout.
5

1.4.1 Cell Lysis
Cell lysis is the first step in most DNA analyses, which involves disassembly of
the cell membranes and release of the genomic material and other cellular contents.
A variety of lysis methods, including chemical lysis18, 19, thermal lysis,20 and lysis by
mechanical forces,21, 22 or electrical pulse,23-26 have been successfully demonstrated
in microfluidic devices.
Transitioning chemical lysis methods commonly used in macro-scale workups to
microfluidic devices is straightforward. Chemical lysis methods involve mixing the
target cells with lytic agents, such as sodium dodecyl sulfate or guanidium
hydrochloride and hydroxide that can solubilize the lipid membranes. One issue
associated with the use of chemical lysis is that lytic agents can interfere with
downstream processing, such as PCR, and therefore must be removed from the
sample before subsequent reactions, increasing the microfluidic design complexity.
Carol and co-workers18 reported a polydimethylsiloxane (PDMS) microfluidic device
for on-chip cell lysis based on local hydroxide electro-generation. In this device,
hydroxide ions porated the cell membrane leading to cell lysis. During lysis,
hydrogen ions, which were simultaneously generated on chip, reacted with excess
hydroxide ions creating a neutral pH lysate and eliminating the need for a final
washing step.
Thermal lysis, which involves disrupting the cell membranes by heating cells to
near boiling temperatures, is another method that can be incorporated into a
microfluidic device as long as the microfluidic material can withstand the
6

temperature required to lyse the cells. The advantage of thermal lysis is that no
interfering reagents are required that may interfere with downstream reactions.27 The
device design can be further simplified by lysing cells in the initial denaturation step
of downstream PCRs.28 But, thermal methods are not applicable for certain cell
types, such as gram-positive bacteria.
Mechanical forces, such as sonication, can be integrated to the microdevice to
disrupt cells via gaseous cavitation. In this process, air pockets form from dissolved
gases in the aqueous media and collapse rapidly creating high pressure and
temperature environments sufficient to break cell membranes. This method is
suitable for hard-to-lyse cells or spores, but can generate considerable amounts of
heat and free radicals.29 Belgrader et al.21 reported a minisonicator combined with a
spore lysis cartridge. Bacillus spores were sonicated in the presence of glass beads
and were successfully lysed to release DNA for PCR amplification in ~30 s.
Electrical pulse methods represent another method for cell lysis and are based
upon electroporation of the membrane. In the electroporation process, the
application of high electric field pulses causes the formation of small pores in cell
membranes.30 However, the use of high electric fields can lead to heating and gas
generation. To overcome this limitation, a microfluidic electroporation device for the
lysis of human carcinoma cells was demonstrated by Lu et al.23 In their design, a
straight microchannel was constructed in glass, where the side-walls consisted of
gold saw-tooth-shaped electrodes supported by the polymer, SU-8. Using pressuredriven flow, cells were directed through the channel and electroporated by the saw7

tooth electrodes (see Figure 1.1). The magnitude of the electric field was in the
range of a few kV/cm while the AC voltage was >10 V peak-to-peak, minimizing heat
generation and bubble formation.

Figure 1.1 (A) Schematic of a micro-electroporation device for cell lysis. (B) Pictures of the
devices in various steps of the fabrication process: after metallization and electrode-mold
formation (left); after electroplating (right). (C) Dielectrophoresis (DEP) effect observed in the
flow channels (top). Schematic of the saw-tooth microelectrodes acting as a DEP device for
focusing intracellular materials after electroporation (bottom). Reproduced with permission from
reference [23].

1.4.2 Nucleic Acid Extraction, Purification and Concentration
Following cell lysis, DNA extraction, purification and pre-concentration are
usually achieved by micro-solid phase extraction (micro-SPE) devices. This step is
essential in order to purify and isolate the genomic materials from other cellular
components, contaminants, and chemicals introduced in the cell lysis step that may
potentially interfere with downstream enzymatic reactions. In addition, the nucleic
8

acids may be enriched in this phase of the processing strategy to pre-concentrate
the targets to a level that is amenable for further downstream processing.
A variety of well-established macro-scale SPE methods for nucleic acid
extraction have been successfully transferred to micro-scale devices.31-58 Although
the physical principles of these methods may be different (e.g. chaotropic
interactions, electrostatic interactions, affinity interactions, etc.), micro-SPE protocols
typically consist of three steps: (1) The selective adsorption of nucleic acids onto a
solid phase; (2) removal of contaminants by a washing step; and (3) elution of the
pre-concentrated nucleic acids from the solid support using water or a low salt
buffer.31 Like their macro-scale counterparts, micro-SPE devices possess a loading
level of target material that is dependent upon the available surface area within the
extraction bed and thus, are manufactured either by packing the solid phase into the
device, typically consisting of beads made from silica, or by directly fabricating
microstructures inside the device to increase the available load capacity of the
device.
As noted above, micro-SPE devices can be fabricated by packing silica beads,
sol-gel immobilized silica beads, photo-polymerized monoliths or modified magnetic
particles into microfabricated channels.31-44 For example, Landers and his research
group32 demonstrated the extraction of PCR amplifiable DNA from lysed white blood
cells using silica particles packed into a capillary tube; the DNA recovery was found
to be ~70% in a 10 min processing time. The load of DNA into the device was found
to be on the order of 10 - 30 ng/mg of DNA. To circumvent the high backpressure
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introduced by flowing silica beads into a microchannel and to improve reproducibility,
a silica bead/sol-gel hybrid matrix was packed into a glass microchip (see Figure 1.2
A).31, 33

Figure 1.2 (A) SEM image of the cross section of a glass microchip channel packed with silica
bead/sol-gel hybrid at 500x magnification. Reproduced with permission from reference [33]. (B)
SEM image of a porous polymer monolith filled with silica beads at 10,000x magnification.
Reproduced with permission from reference [40]. (C) Photograph of a 96-well polycarbonate
(PC) solid phase extraction microfluidic plate and a commercial 96-well titer plate. Also shown is
an SEM image of the micro-pillars that were fabricated in the purification bed. Reproduced with
permission from reference [48]. Other matrices, such as a sol-gel monolith36 or photopolymerized monoliths37 were explored by the same group to overcome the aging and
shrinkage problems associated with the silica bead/sol-gel hybrid matrix. Klapperich and coworkers38-40 used a similar photo-polymerized monolith as a solid-support matrix to confine
silica beads within a cyclic olefin copolymer (COC) microchip to extract a variety of samples,
such as lambda (λ)-DNA, gram-positive and gram-negative bacterial genomic DNA, inoculated
human blood and urine samples (see Figure 1.2 B).
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Issues associated with SPE beds comprised of silica beads or polymerized polymer
monoliths include: (1) Residual chaotropic reagents, such as guanidinium or sodium
iodide salts, present in the initial elution phase and interfering with downstream
amplification steps; (2) packing the matrix, which requires a post-fabrication process
that can be tedious and demands experienced engineers to accomplish; and (3)
aging and shrinkage of the packing material, which can affect the efficiency and
reproducibility of the extraction process.
Another approach for the SPE of nucleic acids is the use of commercially
available nano-porous aluminum oxide membranes (AOM). In a high salt
concentration buffer, genomic DNA or RNA will aggregate and bind to the nanoporous membrane; both nano-filtration and electrostatic interactions contribute to the
retention and purification of the target DNA or RNA. The retained DNA/RNA can be
recovered using a PCR buffer. Kim et al.50 investigated the extraction of genomic
DNA from blood samples with a recovery of ~90% using an AOM sandwiched
between PDMS microchannels. The AOM SPE device was later integrated to a
micro-chamber PCR device, demonstrating successful amplification of both DNA
from a bacterial sample and RNA from virus samples.51 The advantages of this
method included the ability to use high flow rates to shorten processing time and low
protein absorption onto the AOM. However, the handling of the thin and brittle AOM
remains a challenge.
In addition to genomic DNA or RNA purification and pre-concentration before an
amplification step, some applications, for example the purification of dye terminator
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Sanger sequencing products, require high quality DNA free of background species
such as salts, unincorporated primers, dNTPs and dye labeled ddNTPs prior to the
electrophoresis step. Soper and co-workers52 demonstrated the use of a PPC microSPE device for the purification of Sanger sequencing products providing high quality
DNA free from background species. PPC micro-SPEs were successfully coupled to
capillary gel electrophoresis55 that also contained a continuous flow Sanger
extension thermal cycler.52, 53
Mathies and his group54 purified Sanger extension products using a microchamber containing a sparsely cross-linked polyacrylamide gel co-polymerized with
complementary oligonucleotide probes appended onto the target DNA products.
DNA elution was achieved by thermal denaturation of the hybrids. This microchamber was coupled to a Sanger extension chamber and microchip electrophoresis
to form an integrated Sanger sequencing bioprocessor. With a 400-fold reduction in
sequencing reagents and 10- to 100-fold reduction in DNA template required
compared to benchtop approaches, 556 continuous bases were sequenced using
this bioprocessor with 99% accuracy.55
1.5

Microfluidic Polymerase Chain Reactors (Micro-PCR)
Since the discovery of the polymerase chain reaction (PCR) in 1986 by Mullis et.

al.,59 PCR has become a critical tool in basic molecular biology discovery, genome
sequencing, clinical research, in vitro diagnostics and evolutionary studies.60 PCR is
an enzymatic reaction that allows any nucleic acid fragment to be generated in vitro
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and in high abundance. Theoretically, the amount of product doubles during each
PCR cycle as shown by the following equation;
 =  2

(1)

where N is the number of amplified DNA molecules, N0 is the initial copy number
of DNA molecules and n is the number of amplification cycles.61, 62 Experimentally,
the amplification efficiency (E) can range from 0 to 1, and therefore the true copy
number produced is given by;
 =  (1 + )

(2)

In PCR, denaturation and annealing are nearly instantaneous events that occur
as soon as the correct temperature is reached, e.g. ~94 ºC for denaturation; 50- 60
ºC for annealing, and the extension step is limited only by the kinetics of the
polymerase enzyme. Implementation of the thermostable Taq polymerase as a
substitute for the Klenow fragment of E. coli DNA polymerase I63 has made it
possible to automate the PCR amplification step by using various thermal cycles
carried out by a block thermal cycler. Investigators have shown that Taq DNA
polymerase has an extension rate of 60–100 nucleotides s−1 at 72 °C.64 For efficient
amplification, a device with low heat capacity that can transfer heat quickly to the
sample and quickly draw away the heat when cooling is preferable. Most
conventional thermal cyclers have large thermal masses resulting in high power
requirements and slow heating and cooling rates with long reaction times, typically
exceeding 1.5 h in spite of the fact that kinetically, a 500 bp PCR product should be
produced in as little as 5 s.
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Due to their intrinsically small PCR chamber volumes and mass, exquisite heat
transfer capabilities can be realized in micro-PCR devices that can significantly
reduce the processing time compared to conventional benchtop thermal cyclers.
Short thermal cycling times can be realized and still provide amplification efficiencies
comparable to their macro-scale counterparts with designs that are sometimes not
conducive to macro-scale formats. Micro-PCR devices have adopted design formats
such as chamber-type PCR devices, in which the PCR cocktail and target are mixed
inside a micro-chamber and the chamber is then cycled between the various
temperatures required for the amplification process. Another design approach uses
the continuous-flow format, in which the PCR device consists of isothermal zones
brought to equilibrium prior to the amplification process. The PCR cocktail is shuttled
between these isothermal zones either electrokinetically or hydrodynamically to
affect the thermal processing. Another format that has been employed for microscale PCR devices is a thermal convection-driven PCR device in which a
temperature gradient is applied to a closed reaction chamber and the fluid is shuttled
through the temperature gradient using a Rayleigh-Benard convection cell. A brief
introduction of these PCR designs is given in the following sections.
1.5.1 Chamber Type Micro-PCR
In chamber type micro-PCR devices, a static PCR cocktail containing the target
is repeatedly cycled between three different temperatures, one for denaturation, a
second for renaturation and a third for polymerase extension, which is similar to that
used in a conventional PCR thermal cycler. Chamber-type micro-PCR devices
14

consist of either a single chamber or multiple chambers configured on a single wafer
with the appropriate heating modalities to allow thermal cycling. The primary
advantage of these types of micro-thermal cyclers is their low thermal masses that
must be heated/cooled, providing faster reaction times compared to block thermal
cyclers.
1.5.2 Single Chamber Micro-PCR Devices
In 1993 Northrup et al.

65

reported the first PCR microfluidic device, which

consisted of a 50 µL well structure serving as the reaction chamber and was
fabricated in silicon using wet chemical etching. Twenty amplification cycles were
carried out, with the cycling time 4X faster than a conventional benchtop PCR
device. In 1994, Wilding et al.66, 67 developed a silicon/glass hybrid device that held
5-10 µL of reaction mixture in a chamber, whose performance was improved by
surface passivation through salinization of the microchamber surface68 and was
heated using an external copper block. Single chamber PCR devices have been
widely investigated since these initial reports.69-78 However, single chamber-type
micro-PCR devices possess low throughput.
1.5.3 Multi-Chamber Micro-PCR Devices
Multiple PCR chambers have been fabricated on a single microfluidic chip and
explored for high throughput PCRs.79-84 An example of a multi-chamber micro-PCR
device, micro-DNA amplification and analysis device, (µ-DAAD) consisted of 16 µDAADs in parallel with each µ-DAAD consisting of four microreactors fabricated on a
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4” silicon wafer (see Figure 1.3). Multi-chamber micro-PCR devices85 have been
demonstrated for DNA amplifications of five gene sequences related to E. coli from
three different DNA templates and detected by TaqMan chemistry with a limit-ofdetection of 0.4 copies of target DNA.

Figure 1.3 Photographs of µ-DAAD production steps: (A) Front side of a 4-in. silicon wafer with
etched microreactors; 16 µ-DAAD are processed in parallel, each consisting of four
microreactors. (B) Front side of a single µ-DAAD (16 x18 mm2) after bonding of a cover glass
wafer and dicing. DNA arrays are printed onto the bottom of the microreactor cavities, but cannot
be seen in this image because of their small size. Holes of 1 mm in diameter are drilled in the
cover glass for the filling of the µ-DAAD reactors with reagent. (C) Backside of the device with
platinum heater coil and thermoresistors placed at the corresponding area of the microreactor.
Reproduced from with permission reference [79]

1.5.4 Continuous Flow PCR (CFPCR)
Another configuration for micro-PCR devices employs a flow-through format with
a “time–space conversion” concept, in which the sample is continuously transitioned
through isothermal zones for denaturation, annealing and extension. This is contrary
to chamber-type PCR devices where heating and cooling occurs on a static sample
16

with the entire device heated and cooled to the desired temperatures.84,

86-88

The

CFPCR approach allows for short reaction times because of the small-volume fluid
elements can be heated or cooled to the required temperature within 100 ms.60

Figure 1.4 Schematic of a chip for continuous flow PCR (CFPCR). Three well-defined isothermal
zones are poised at 95 oC (A), 77 oC (B), and 60 ºC (C) by means of thermostated copper
blocks. The sample is hydrostatically pumped through a single channel etched into a glass
wafer. The channel passing through the three temperature zones defines the thermal cycling
process. Reproduced with permission from reference [89].

In 1998, Kopp et al.89 reported the first CFPCR microdevice (see Figure 1.4).
This device consisted of 20 thermal cycles comprised of a serpentine channel
design whose dimensions were 40 µm in width and 90 µm in depth with a total
length of 2.2 m producing a pressure drop of ~14.5 PSI. For DNA amplification, 10
µL of a PCR mixture was hydrostatically pumped at volumetric flow rates ranging
from 5.8 to 72.9 nL/s with a flow-through time of 18.7 to 1.5 min.89 The channel
walls were silanized with dichlorodimethylsilane to reduce possible adsorption of the
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polymerase enzyme (Taq polymerase) and DNA onto the glass surface. A
zwitterionic buffer and nonionic surfactant were used as the PCR buffer additives to
impart a dynamic coating.90

Figure 1.5 Schematic of a high throughput CFPCR multi-reactor platform consisting of three
functional units: a fluidic controller for distributing reagents and analyte to the reactors, a CFPCR
multi-reactor and a distributed temperature controller. HD denotes the denaturation heaters (90–
95 ºC); HA the annealing heaters (50–70 ºC) and HE the extension heaters (70–77 ºC).
Reproduced with permission from reference [94].
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Using a 20 cycle spiral microchannel hot embossed into a polycarbonate (PC)
substrate configured for performing CFPCR,91 the PCR cycle time was reduced to
the kinetic limit set by the polymerase incorporation rate; 500-bp and 997-bp
fragments were amplified in a total time of 1.7 min (5.2 s/cycle) and 3.2 min (9.7
s/cycle), respectively. The amplification efficiency was further optimized through
proper thermal management using numerical models and experiments to evaluate
the effects of different combinations of temperature distribution in a typical CFPCR
device fabricated by hot embossing PC substrates.92 Chen et al.93-95 reduced the
footprint of each spiral reactor to 8 mm by 8 mm and arranged 96 reactors in titerplate format (12 × 8) for high throughput processing (Figure 1.5).
The attractive features of CFPCR devices consist of: (1) Very rapid heat transfer
during the PCR with run times on the order of minutes; (2) low possibility of
contamination (closed architecture);4,

35, 96

and (3) facile integration with various

liquid transport processes, such as magneto-hydrodynamic (MHD) actuation.97
Additional advantages include reduced sample consumption and reagents (lower
cost) and simple integration to other DNA processing devices.11, 98 A limitation of this
approach is the fixed cycle number that can be employed by the chip, which is
dictated by the device layout. To overcome this drawback, Chen et al.,99
demonstrated the use of a microfabricated PC chip for DNA amplification in a CF
mode using electrokinetically-driven synchronized pumping (Figure 1.6). A 500-bp
fragment from λ-DNA was obtained with a total time of amplification of ~18.1 min for
27 cycles.
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Figure 1.6 (A) Diagrammatic principle of electrokinetic synchronized cyclic CFPCR process.
Sample injection (a). DNA was filled into reservoir 5 and a voltage was applied to the electrodes
in reservoirs 5 (GRND) and 6 (+HV). Sample moved across the reactor channel to fill the
crossed T injector. Sample cycling (b). Following sample injection, it is shuttled through the
various isothermal zones by moving the position of the applied electric field in a cyclic fashion as
denoted in the figure panels. (B) Schematic view and photographs of the electrokinetically
synchronized CFPCR microchip. The actual microchip, fabricated via replication technology into
PC, is shown in the middle photograph next to the quarter. Poised on the PC chip are electrode
contacts for applying the voltage in an automated fashion to the various reservoirs. Reproduced
with permission from reference [99].

The arrangement of the three temperature zones on most rectangular serpentine
channel CFPCR devices consists of denaturation, extension and annealing in that
order. Although this arrangement can establish a smooth temperature gradient,
amplification efficiency may degrade because the melted single-stranded DNA is
likely to form double strands with the template DNA or their complementary
fragments when passing through the extension zone. To circumvent this problem, a
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novel three temperature zones arrangement in a “circular” format consisting of
denaturation, annealing and extension has been exploited.97, 100-102
The PCR channel for these CFPCR devices can also consist of either capillary
tubes101, 102 or an on-chip annular channel.97, 103 The serpentine channel formats on
a monolithic chip can utilize thermal insulation with the aid of air gaps104,
utilizing glass chips with a low thermal conductivity.106,

107

105

or by

Recently, a novel spiral

channel configuration was also used to perform CFPCR on a single PC wafer with a
circular arrangement of three temperature zones, allowing for a compact footprint
and a minimal number of heaters for temperature control.108,

109

CFPCR

microfluidics can also use a unidirectional PCR or oscillatory flow.110
1.6

Microfluidics Thermal Heating Methods
The choice of a heating method for micro-PCR devices is important to achieve

efficient temperature ramping rates. The diversity of material exhibiting differences in
thermal mass may require different heating methods. At present, temperature
cycling on microfluidic devices can be performed either with contact or noncontact
heating methods. Summarized below are various heating methods that have been
employed in microfluidic devices.
1.6.1 Contact Heating
For contact heating, heaters are fabricated directly within the microchip or are in
contact with the outside of the microchip. Contact heating utilizes an electrothermal
conversion to heat the PCR solution.111 Contact heating can be achieved either
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through the use of thin film heating elements, which are mainly fabricated using
deposition techniques, through the use of metal heating blocks, which primarily
consist of inserting a heating cartridge into the metal blocks, or by utilizing Peltier
elements.
1.6.2 Thin Film Heating
Heating elements can be fabricated on chip using thin film deposition. Metallic
elements, such as platinum,79, 80, 112-116 is the most commonly used material due to
its ability to withstand high temperatures, good chemical stability and ease of
micromanufacturing. Some other metals, alloys or inorganic compounds have also
been used as thin film heaters in micro-PCR devices, such as Al,71,
tungsten,103

silver/graphite

inks,86

silver/palladium,104,
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82, 83, 117

Ni,106

Ni/chromium,119

chromium/Al,83 Al2N3,120 and indium-tin-oxide (ITO).121-123 Microheaters fabricated
by Pt thin film deposition often require a thin layer of titanium serving as an adhesion
layer. The titanium layer exhibits a high diffusion rate at high temperatures, which
can deteriorate the Pt heater.124 Commercial thin film resistive heaters86, 108, 109 have
proven to be efficient and robust for achieving fast PCR cycling in contrast to
conventional PCR devices.
1.6.3 Metal Heating Blocks
Conventional PCR instruments typically utilize contact heating, which involves a
metal heating block in contact with the sample container, to cycle the temperature of
the PCR solution that is held within a thin-walled polypropylene tube. In spite of their
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large thermal mass and slow temperature ramping rates, metallic heating blocks and
Peltier-based Thermo-Electric (TE) ceramic heating blocks are widely applied in
micro-PCR devices.70, 85, 89, 125-130 To achieve fast thermal transition, two125

8, 100, 131

or more TE devices can be coupled to thermally cycle the PCR solution, where a
total of six TE devices were used.85 To ensure good thermal contact between the TE
element and the cycled region of the device, supporting substances with higher
thermal conductivity, such as mineral oil8,

131

or a metallic thin wafer,132 can be

added to the interface of the TE element. Normally, the TE cell consists of an array
of parallel P–N junctions and each parallel P–N junction establishes its own
temperature differential for a given voltage and consequently, a radial temperature
gradient on the hot surface of the TE cell is created, which causes non-homogeneity
of the surface temperature of the TE cell and compromises the efficiency of the
PCR.111 To achieve a homogenous temperature distribution across the surface of
the TE cell, an oxygen-free thin copper wafer is necessary to redistribute the surface
temperature.128 Other reliable contact heaters are resistive heating coils101,

129, 133

and single-sided Flexible Printed Circuits (FPC).134
It is important to note that the thermal-cycling rate is limited by the thermal mass
of the heating element itself and of the entire micro-PCR device as well. Moreover,
in the case of an external contact element, localized heating is ultimately limited in
terms of lateral resolution by the thermal conductivity of the substrate material. In the
case of on-chip integrated heaters, these devices still require tedious and

23

complicated micromanufacturing processes,

which

restrict

the flexibility to

reconfigure the PCR design.135
1.6.4 Non-Contact Heating
The inherent problem with contact thermal heaters is their relatively large thermal
mass. More thermal mass is added to the PCR device when contacting the chamber
containing the PCR solution, which hinders fast thermal cycling rates. For the
integration of PCR with µCE, thermal management becomes difficult because
contact resource is regarded as part of the PCR chip and not part of the
electrophoresis chip itself. These restrictions have triggered interest in the
development of non-contact thermal cycling in which the heating is remote from the
microfluidic device and not in physical contact with the PCR chamber.111
1.6.5 Non-Contact Heating based on IR Light Radiation
This non-contact heating method was first reported by Oda et al.136 in 1998. In
their work, an IR light, which used a single and inexpensive tungsten lamp as the
non-contact heat source, was used for heating glass microchambers. The authors
achieved temperature ramping rates of 10 °C/s for heating and 20 °C/s for cooling.
In 2000, Hühmer and Landers
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reported IR-mediated fused-silica capillary cycling

with nanoliter volumes (160 nL) with improved heating and cooling rates of 65 and
20 °C/s, respectively. Giordano et al.75 developed a novel polyimide (PI) PCR
microchip, which utilized IR-mediated thermal cycling for the amplification of a 500
bp λ-phage DNA fragment in a 1.7 µL chamber with a total reaction time of only 240
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s for 15 cycles. In 2003, Ferrance et al.73 presented IR-mediated PCR amplification
of genomic DNA using primers defining a 380-bp fragment of the β-globin gene
followed by electrophoretic analysis on a single glass chip for the analysis of
Duchenne Muscular Dystrophy (DMD) in less than 15 min for 35 cycles.
1.6.6 Non-Contact Heating based on Hot Air Cycling
Wittwer et al.137,

138

developed non-contact heating for PCR based on hot air

cycling. In their work, temperature cycling was performed without physical contact
between the heating source and the reaction chamber by rapidly switching streams
of air set to the desired temperature. Due to the lower thermal mass of air, a high
temperature ramping rate could be obtained, which has been further improved by
several research groups.69, 114, 115, 139-141
1.6.7 Non-Contact Heating based on Laser-Mediated Heating
The tungsten lamp is a non-coherent source with large focus projection, which
limits the heating efficiency when applied to microchips with a small cross-section.
Laser-mediated non-contact heating utilizes a photothermal effect produced by a
diode laser coherent light source to heat an absorbing target. Tanaka et al.142 used a
diode laser to perform temperature control of a chemical reaction by heating an
absorbing target of a black ink point placed on top of a glass microchip cover plate
above the reaction channel. The integrated glass microchip with non-contact IR
laser-mediated heating has been demonstrated for fast and localized temperature
control under flowing conditions with ultrafast heating and cooling rates of 67 and 53
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°C/s, which is 30 times faster than a conventional device and 3-6 times faster than
electrothermal miniaturized thermal cyclers.135 This heating method may be a very
attractive and desirable due to its high resolution for spatially localized heating, ease
of manipulation along the chip, and its property of being a point light source.
Unfortunately, this heating method has not been applied for temperature control in
microfluidics.
1.6.8 Non-Contact Heating based on Microwave Irradiation
Non-contact heating utilizing a focused microwave source was demonstrated by
Fermér et al.143 In their work, a single-mode microwave cavity was used to heat a
100 µL PCR mixture in a 0.5 mL polypropylene tube for 25 cycles. Most recently,
microwave-induced milliliter-scale PCR (see Figure 1.7) was reported144 for real-time
PCR analysis. Although the amount of amplified nucleic acid product after 33 cycles
indicated incomplete amplification, which was attributed to

temperature “over-

shooting” at the denaturation phase and subsequent deactivation of the Taq
polymerase,145 microwave heating was quite promising due to the following
properties:143 (1) The efficiency of the optimized microwave conditions nearly
reached 70% that of conventional PCR; (2) the irradiation energy was used to heat
only the PCR solution and not a heating block or the sample containment tube; (3)
the temperature ramping time was substantially shortened; and (4) the required
temperature was reached almost instantaneously and simultaneously, allowing for
shortening of the incubation time. In addition, modern microwave cavities can deliver
a uniform field density without “hot-spots.”
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Figure 1.7 Experimental set up for microwave heated PCR that is used to perform milliliter-scale
PCR utilizing highly controlled microwave thermal cycling. Reproduced with permission from
reference [144].

1.6.9 Other Non-Contact Heating Methods
Other non-contact heating methods have also been described such as, noncontact heating using a halogen lamp as a low power radiation source for rapid
temperature ramping in a silicon micro-reaction chamber.146 This method achieved a
rate of 4 °C/s for heating and 4 °C/s for cooling. Another non-contact heating method
is based on induction heating first reported by Pal et al.147 Induction heating is much
simpler to fabricate and heating and cooling rates of 6.5 and 4.2 °C/s can be
achieved by optimizing the heater dimensions and frequency. The advantage of this
method is that accurate positioning of the reaction mixture with respect to the heater
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is not necessary, deposition steps to pattern thin-film heaters on the chip are not
required, and elaborate percentage/integrator/differentiator (PID) control is not
needed as well.146
Convectively driven PCR is an alternative thermal cycling process, which was
first reported in 2002 by Krishnan et al.148 The authors used a Rayleigh-Bénard
convection cell consisting of a 35-µL cylindrical cavity to perform the PCR
amplification of the -actin gene (295-bp fragment). Rayleigh-Bénard convection is
generated by buoyancy-driven instability in a confined fluid layer heated from
below.149 The inherent structure of Rayleigh-Bénard convection-steady circulatory
flow between surfaces employs two fixed temperature zones to facilitate the
convection-driven sample flow. In contrast to CFPCR, the temperature cycling is
achieved as the fluid continuously shuttles vertically between the two temperature
zones poised for annealing/extension (top, 61 °C) and denaturation (below, 97 °C).
Therefore, no need of an external force to drive the fluid through different
temperature zones was required, simplifying its operation and allowing the
implementation of the desired number of thermal cycles.
1.7

Analysis Methods of Reaction Products
Following amplification, the identification of amplification products must be

performed to read the results and/or to confirm that the correct product was
generated. Analysis techniques that can be used should provide short analysis
times, high sensitivity and specificity, and favorable limits-of-detection. A variety of
analysis methods have been successfully demonstrated for microdevice examples,
28

including microchip capillary electrophoresis (µCE) and DNA microarrays. While
there are a number of alternative techniques for reading successful PCRs, we will
restrict our discussion to these two particular techniques in this work.
1.7.1 Micro-Capillary Electrophoresis (µCE)
The operational advantages of µCE are the high separation efficiency providing
high specificity and relatively short analysis times.150-153 In narrow channels that
possess the capacity to efficiently dissipate Joule heating, electric field strengths as
high as 1 kV/cm can be used. Consequently, the analysis time is typically 1 order of
magnitude shorter than that found in conventional slab gel electrophoresis (SGE).
Another feature of µCE is that the operational conditions can be kept constant,
defined, and reproducible by filling the separation channel with fresh electrolyte prior
to each analysis. DNA separations employing µCE have undergone extensive
developments since its description and demonstration by Manz et al.14 and Harrison
et al.154 in the early 1990’s. These reports were followed by demonstrations of µCE
for the high resolution separation of ssDNAs in chips consisting of many separation
channels. For example,

Woolley and Mathies16,

155

reported DNA sequencing

separations using a glass µCE device. DNA was introduced electrokinetically
through an injection cross and separated on a 5 cm-long gel-filled microchannel in
only 120 s (see Figure 1.8). In the sections that follow, a brief description of µCE
separation devices used for sorting DNAs will be described as well as a brief
description of the fundamentals associated with CE in general.
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Figure 1.8 Schematic diagram of an electrophoresis chip indicating the injection procedure. The
injection channel connects reservoirs 1 and 3 and the separation channel connects reservoirs 2
and 4. In the injection mode, a field is applied between reservoirs 1 and 3 causing the DNA to
migrate through the gel-filled intersection toward reservoir 1. In the run mode, a field is applied
between reservoirs 2 and 4 causing the DNA fragments in the intersection region to migrate
toward reservoir 4 through the gel and into the separation channel. The actual device had 15
electrophoresis units integrated on each chip. Reproduced with permission from reference [16].

1.7.2 Electrophoretic Mobilities
When a voltage is applied across a separation channel, the analyte migrates with
an electrophoretic mobility and direction that generally depends on its chemical
properties in the background electrolyte (BGE) and the applied electric field strength,
E. The electric field strength is a ratio of the applied voltage (V) and the total
capillary length (Lc) as shown in the following equation:
E=

(3)



By relating the velocity, νep, to E, the electrophoretic mobility (µep) can be
determined using;
μ = 



= /(6)

(4)
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where q is the net charge on the analyte, r is the Stokes radius and η is the
viscosity of the BGE. It should be noted that the above equation is valid only for
spherically-shaped particles and must be modified for those molecules that adopt
alternative configurations, such as DNAs.
Two electrically-dependent phenomena contribute to the net mobility of an
analyte, which are its intrinsic electrophoretic mobility and the electroosmotic flow
(EOF).156 The mobility can be evaluated from the electropherogram using the
migration time, tm, of the analyte migrating a distance Ld from the injection point to a
detection point using;
μ =

 
!"

=

 ⁄ !
$

(5)

where µapp refers to the apparent mobility, which accounts for the electrophoretic
mobility of the analyte as well as the EOF. In µCE, the EOF magnitude and direction
depends on the charges present on the surface of the microchannel. For example,
glass walls are negatively charged due to deprotonated silanol groups, which induce
an EOF that travels from anode to cathode. The µapp of an analyte inside a fused
silica capillary, or microchannel that is superficially charged by contact with a
solution typically consists of two contributions. The first is the electrophoretic
movement of the analyte with respect to the electrolyte, which is characterized
quantitatively by the effective mobility, µeff, and the second is the EOF of the liquid
with respect to immobile, charged surfaces, which is characterized by µeof The net
effective electrophoretic mobility; (µeff) can be evaluated from the apparent mobility
µapp as follows;
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μ%% = μ − μ'%

(6)

The µeof can be determined by using a neutral marker to determine teof from;
μ()* =

+ ⁄,-./

(7)

0

We should note that in most DNA electrophoretic separations, the EOF is
typically suppressed using either linear polyacrylamides covalently attached to the
separation channel wall or dynamic coatings. Therefore, due to the fact that DNAs
are polyanionic, they will exclusively migrate from cathode to anode requiring that
the electrophoresis analysis should be operated with the injection end cathodic.
1.7.3 Separation Selectivity
Separation selectivity, S, in electrophoresis is defined as the effective mobility
differences between two migrating components,157 and is expressed as;
S=3

∆3455

(8)

67 83-./

where µav is the average of the effective mobilities. For closely migrating
analytes, the average effective mobilities may be replaced by the effective mobility of
one component.158
1.7.4 Resolution
The resolution of two components can be determined from;159
 (3-//: 8 3-//< )
<
:⁄<
-//: [((3-//: $?@A ?@A ) ⁄B)8(BC⁄3-//: $ )]

9 = =3

(9)

where Lc is the channel length, µeff1 and µeff2 are the effective mobilities of the two
components of interest, Einj is the electric field applied to perform injection, tinj is the
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injection time, and D is the average diffusion coefficient of the components.
Depending on which of two regimes one operates, the resolution depends either
upon the length of the channel or the square root of the length. In the first regime,
band broadening due to electrokinetic injection dominates and the resolution scales
with length. In the second regime, diffusion contributes primarily to band broadening
resulting in a square root dependence of R on length. The contribution of the
electrokinetic injection to band broadening can be reduced by microfabrication and
in conjunction with control of voltages on channel arms for determining the shape
and size of the injected plug for short separation lengths.160
1.7.5 DNA Separation Matrices
Size-based separations of homogeneous polyelectrolytes, such as DNA, are not
possible in free solution electrophoresis.161 This is due to the proportionality of the
friction hydrodynamic force and total charge of the molecule to its length. The friction
hydrodynamic forces exerted on the free-drained polymer coil while it moves as well
as the accelerating electrostatic force both increase proportionally with the addition
of a nucleotide to the chain. This is why one must typically use a sieving media, such
as a gel or an entangled polymer solution, to obtain size-based separations of DNA
using electrophoresis.
DNA electrophoretic mobilities are highly dependent on the nature of the matrix
in which the separation takes place. For example, in free solution, the DNA
molecules migrate with a mobility that is independent of size,162,

163

because the

charge/unit mass is the same for all DNA molecules. However, the mobility becomes
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dependent on molecular mass in sieving gels. The mobility in sieving gels is related
to the fractional volume E(F) of the matrix available to the migrating DNAs
according;
3

3G

= E(F)

(10)

where, µ is the mobility observed in the matrix, µo is the free solution mobility and
f(C) is the available fractional volume in the gel or entangled polymer solution.164 If
the sieving mechanism in the matrix is similar to that described by Ogston,165 f(C) is
related to gel concentration, C, as shown in the following;
3

3G

= E(F) = H IJ

(11)

where K, the retardation coefficient, is dependent on the macromolecule size.166,
167

Plots of the logarithm of µ/µo as a function of gel concentration are known as

Ferguson plots.168 Linear Ferguson plots indicate that the separation takes place in
the Ogston regime, where the average pore radius of the gel is larger than the radius
of gyration of the migrating macromolecule. DNA mobilities in various sieving media
are determined by the interplay of three factors: (1) The relative size of the DNA
molecule with respect to the effective pore size of the matrix; (2) the effect of the
electric field on the matrix; and (3) specific interactions of DNA with the matrix during
electrophoresis.169
Many different polymers have been investigated as separation matrices,
including liquefied agarose, cellulose derivatives, dextrans, linear polyacrylamides
(LPA) and their derivatives, poly(ethylene oxides), PEO, and polyvinyl alcohols. The
solution properties of these polymers are described elsewhere.170-178 Most of these
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polymers provide good separations in certain DNA mass ranges.176,

177, 179

For

example, Njoroge et al.180 used a 4 % w/v LPA gel of ~6.6 MDa as a sieving matrix
in a PMMA µCE device and favorable resolution of PCR fragments of forensic Alu
elements varying over a large size range (199-887 bp). The LPA was suspended in
1x TTE that contained 0.05% (w/v) methyl hydroxyethyl cellulose (MHEC) for EOF
suppression in the PMMA device and 7M urea to denature the DNA. Using this
matrix, PMMA microchip separations provided near baseline resolution for all 20
components of a 900 bp sizing ladder. The separation of large DNA has been
improved in sparsely cross-linked "nanogels" by ~10.4% compared to separation in
-4

LPA.181 Nanogels are synthesized by incorporating a low percentage (~10 mol%) of
N, N-methylene bisacrylamide cross-linker in high-molar mass LPA.182
For polymers of comparable molar mass, hydrophilic polymers form more
highly entangled networks because each molecule occupies a relatively large
volume in solution.178 The major differences between DNA separations in slab gels
and entangled polymer solutions is that the entangled polymers are free to move
about in the solution,183 creating dynamic pores in the matrix as they change
interacting partners. The movements of the polymer chains give rise to a process
called constraint release, which increases the mobility of the DNA.184-186
1.7.6 End-Labeled Free-Solution Electrophoresis (ELFSE)
Mayer, Slater, and Drouin187 were the first to examine ELFSE, also referred to as
free solution conjugate electrophoresis (FSCE), quantitatively for the potential of
sorting DNA in free solution without requiring a sieving matrix. Their theoretical
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model was based on two assumptions: (1) the velocity of a hybrid ELFSE molecule
(made of a charged component, the DNA fragment, and an uncharged component,
the drag-tag) is given by the total electrical force applied to the molecule divided by
the total friction coefficient of a free-draining molecule. (2) In free solution, the
Einstein relation188 should relate the diffusion coefficient, D(M), to the electrophoretic
mobility, µ(M), of a DNA molecule of size M (see equation 14).
In free solution, a DNA molecule of M-bases behaves as a free-draining coil, and
its µ(M) is independent of M. However, labeling the DNA with a molecular species
having a different charge/friction ratio can lead to a size-dependent mobility. By
neglecting the eventual electrostatic and hydrodynamic interactions between the
DNA and the friction generating label, the free-solution mobility of the end-label-DNA
complex simply equals its charge-to-friction ratio, which is calculated from the
following equation;
μ(K) ≈

M(NO)
P(N8Q)

(NO)

= μ (N8Q)

(12)

where α is the friction due to the end-label, R is the friction of one base, - is the
effective charge carried by the end-label (the negative sign in front of

arises from

the fact that DNA is negatively charged), S is the electric charge carried by one
base, and µ0 = S/R, which is the free-solution mobility of a normal free draining DNA
molecule. This equation shows that the mobility of an end-labeled DNA complex is
now a function of the size of the DNA fragment when T ≠ - and the separation is
possible with end-labels having a charge-to-friction ratio that is different from the
charge-to-friction ratio of DNA (in practice, M >
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is also required to ensure that all

the molecules migrate in the same direction). In ELFSE, the µ(M) of a DNA fragment
can also be determined from the following equation;
μ(K) =

3G
8Q⁄N

(13)

In contrast to classical gel electrophoresis, complexes containing long DNA
fragments will have higher velocities than complexes containing short DNA
fragments.187 By considering the Brownian diffusion as a source of band broadening
only in free solution, the Einstein relation188 should relate D(M) to µ(M) as shown in
the following expression;
U(K) =

3(N)VW X
M(NO)

3 V X

G W
= M(N8Q)

(14)

where kB is the Boltzmann constant and T is the temperature. By assuming that
consecutive end-labeled DNAs have the same intensity and a Gaussian shape, the
minimum migration distance, Lmin(M), required to separate molecules differing in
length by a single base is approximately derived from;
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where ω0 is the peak width, and S is a numerical factor of order unity and
depends on the efficiency of the detection method.187
As a proof of concept, Heller et al.189 used ELFSE for the separation of dsDNA
fragments by free-solution CE. The drag-tag was added to the DNA fragments using
a similar method that had been previously used to study DNA migration in
polyacrylamide gels and polymer solutions.190-192 The results shown in Figure 1.9
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confirmed the predictions187 that in the absence of EOF, the end-labeled molecules
with longer DNA segments migrate faster than the shorter ones and higher
resolution could be observed with a larger label or, in this case, with two labels
instead of one.

Figure 1.9 Separation of a 100 bp dsDNA ladder with (A) one or (B) two streptavidin molecules
used as ELFSE drag-tags. The peaks marked 1–10 represent the M = 100 to M = 1000 bp
dsDNA fragments, respectively. Inset of A - plot of µ0/µ–1 vs. 1/M. Inset of B - polydispersity of
streptavidin as measured by CE. Reproduced with permission from reference [189].

Using the original Mayer et al.187 ELFSE theory to fit the data, the relative friction
coefficient, α, for a streptavidin drag-tag can be estimated by the slope of the straight
line obtained from plotting µ0/µ-1 vs. 1/M (see insert of Figure 1.9). Using the data of
Figure 1.9, it was estimated that adding a single streptavidin drag-tag generated a
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friction equivalent to ~23 uncharged nucleotides, whereas adding two streptavidins
generated a friction equivalent to 54 uncharged nucleotides (insert of Figure 1.9A).
The potential of this technique has been demonstrated by the separation of DNA
sequencing fragments193 and detection of single-nucleotide polymorphisms (SNPs)
using electrophoresis.194
Sinville et al.195 combined an allele-specific ligase detection reaction (LDR) with
FSCE (LDR-FSCE) for multiplexed electrophoretic screening of low-copy number
mutations in a high abundance of wild-type DNA using PMMA microchip devices. To
conduct FSCE separations of LDR-dt products, the LDR discriminating primers were
reconfigured to allow for the addition of drag-tags (dt) onto their 5’ terminus. Using a
dynamically coated separation channel, the PMMA µCE device was demonstrated
for a simultaneous detection of four mutant alleles in ~85 s, which was >7.5 times
faster in comparison to a commercial capillary system.
1.8

Integrated Microfluidic Systems
The integration of sample pretreatment with analytical processing steps for the

analysis of biological samples has remained the primary goal of micro-Total Analysis
Systems (µTAS) as described by Manz and coworkers14 over two decades ago.
Many of these visions have are becoming a reality and in this section of the chapter,
some of these systems will be described. As noted previously, genetic analysis
systems are defined as a single wafer or a collection of wafers seamlessly
interconnected that possess two or more processing steps for the analysis of a
genetic sample. Genetic analysis encompasses a large number of different types of
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applications, for example, DNA forensics where unique genetic markers are used to
allow for human identification either at crime scenes or in battlefields. For in vitro
diagnostics, mutations in certain gene fragments can be detected and used to
discover the presence of a disease in a particular patient and also, provide
information to the clinician on how to treat that patient. In this section, we will discuss
systems that include the sample pre-processing functions followed by either µCE or
microarray readout of the pre-processing steps.
1.8.1 Integrated Systems with µCE Readout
The analytical challenge in coupling µCE with front-end sample preprocessing is
the integration of pressure driven flows required for the frontend with the backend,
which requires electrokinetically driven flows. In addition, the presence of any
residual hydrodynamic flow during the separation can degrade separation efficiency
due to the parabolic flow profile that is generated compared to plug flow for
electrokinetic flow. As such, the integration challenge in microfluidics is interfacing
PCR with µCE separation because of sample transfer from hydrodynamic to
electrokinetic flow. The quality of a separation depends in part, on successful
injection processes. The contribution of the injection process to the height equivalent
of a theoretical plate H can be estimated from the following equation;196
k=

<lm!no4

(16)

pq

where Lsample is the length of the sample plug along the separation channel, K is
the injection profile factor, and r is the separation length (distance between injection
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and detection points). The injection profile factor reflects the peak shape of sample
plug during injection and depends on the injected volume, the injector geometry and
the method of injection, and can vary between 1 for an exponential-decay injection
and 12 for an ideal sample plug.197, 198 This implies that the contribution of a specific
injector to the total band broadening may vary by over a factor of 10.
The injection step usually involves several intersecting channels and many
injection designs have been developed and reviewed.199 Most designs use cross or
double-T intersections, proposed initially by Harrison et al.
al.,202,

203

200, 201

and Effenhauser et

respectively. For each injection design, different injection modes can be

employed depending on the electric field sequences and distributions.204 The three
major limitations for electrokinetic injection are: (1) It is biased toward small DNA
fragments with high electrophoretic mobility thereby complicating injection
optimization. For example, unpurified PCR products contain high concentrations of
salt and an excess of short unreacted primers, which can lead to long loading times;
(2) the injected sample is small (<1% of the total sample volume), which imposes
unavoidable restrictions on the sensitivity and quantitation of the analysis;205, 206 (3)
the injection time becomes highly variable when one is injecting limiting amounts of
analyte from nanoliter volumes.5, 55
The injection methods used in µCE can either be stacking or extraction based
methods. Stacking methods such as mediated stacking,207 gated injection,208 field
amplified sample injection,209 the staggered T configuration,210 field amplified sample
injection209 and pressure-driven injection35,

88
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are widely adopted in µCE because

they are simple to implement while the extraction-based techniques, such as
membrane filtration,211, 212 solid-phase extraction,32, 213 liquid-liquid extraction,214 and
bioafﬁnity puriﬁcation54,
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offer a more scalable platform for complete sample

injection. One of the first reports of an integrated microchip for DNA analysis was
reported in 1998 by Burns and colleagues,216 which included a resistive heating
region for DNA amplification, a sample loading region, and a gel-based separation
region. This work utilized a single strand displacement assay
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with other sample

analysis steps on one device.
The system (see Figure 1.10A) was fabricated entirely in Si using standard
photolithography and consisted of devices for nanoliter sample injection, mixing or
reagents,

amplification

or

enzymatic

digestion

of

the

DNA

sample,

gel

electrophoresis and finally, fluorescence detection. The only components not
situated on the chip were the fluorescence excitation source, pressure source and
control circuitry. Figure 1.10B shows the fluorescence image of a 50-bp ladder
separated using µCE with a polyacrylamide gel. The system was demonstrated to
perform an isothermal amplification of DNA using strand displacement amplification
with the DNA target stained with SYBR green.
Waters et al.20 reported a system that was micromanufactured in glass and
consisted of a rather simple architecture; the microchip used a reservoir machined
into the glass as a reaction chamber to perform, sequentially, cell lysis and a
multiplex PCR amplification. The chip was fabricated using photolithography and wet
chemical etching of the glass substrate. The monolithic chip was placed directly on a
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commercial thermal cycler to allow thermal processing of the sample. Following
PCR, the products were directly injected using a cross-T injector in a µCE channel
and separated in a 1% HEC sieving matrix for size separation. An intercalating dye
was used for the fluorescence detection of the generated DNA fragments.

Figure 1.10 (A) Diagram of the integrated DNA analysis system developed by Burns and coworkers. The device was made on a Si substrate and included the following elements; fluidic
channels, heaters, temperature sensors and a fluorescence detector to monitor the generation of
DNA products. The following functions were incorporated into the system; mixing solutions,
amplifying or digesting DNA, separating the products using µCE and detecting these products
directly on-chip. Color code: blue, liquid sample; green, hydrophobic surfaces; purple,
polyacrylamide gel. The bottom panel shows an optical micrograph of the device from above. (B)
Optical micrograph of a 50-bp DNA ladder sorted in a 500 µm wide polyacrylamide gel.
Reproduced with permission from reference [216].

Obeid and co-workers130 reported a microsystem fabricated on two glass plates
(each 40 × 45 × 0.55 mm), where a continuous channel network was etched into the
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bottom plate by standard photolithography and wet chemical etching followed by
thermal fusion-bonding of the two plates to form a closed structure.

Figure 1.11 (A) Schematic diagram of a microfabricated device for CFPCR and RT-PCR in
which DNA can be amplified quickly using the polymerase chain reaction (PCR). When a sample
is added at either of the PCR inputs, it flows over heating blocks whose temperatures are set to
induce the three steps of PCR consecutively: denaturation; annealing of the PCR primers; and
extension of the primers into complete DNA strands producing two copies of the original DNA
strand. Samples can be extracted from the chip between 20 - 40 PCR cycles at the points
indicated. (B) (Left panel) Effect of the cycle number on the concentration of amplification
product in continuous-flow PCR with on-chip cycle selection. The input DNA was 107 molecules.
(Right panel) Study of the concentration of the amplification product as a function of the input
DNA molecules. All products were collected at 30 cycles. The 0.23-kbp PSA DNA template was
used. M, DNA markers. N, negative (no DNA template). Reproduced with permission from
reference [130].

This system (see Figure 1.11) used a continuous flow concept to demonstrate
functional integration of reverse transcription (RT) and PCR (RT-PCR) with operator
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selection of the number of amplification cycles to secure the results shown in Figure
1.11B. The RT phase of the measurement involved the synthesis of DNA using
messenger RNA (mRNA) templates and was performed before DNA amplification to
allow quantification of mRNAs. The integration of RT and PCR processes within a
monolithic chip is often problematic as RT components can interfere with the
subsequent PCR.60 Obeid and colleagues130 tackled this problem by reducing the
flow rate at which reverse transcription was performed so that at the intersection of
the RT and PCR channels, the RT mixture constituted only ~10% of the total PCR
volume. The system was demonstrated by performing an amplification of the βglobin gene from human genomic DNA isolated from whole blood. The RT-PCR
products were analyzed off-chip using agarose gel (2%) electrophoresis and
ethidium bromide staining.
Soper and colleagues218 investigated the effect of carryover from a primary PCR
on a subsequent ligase detection reaction (LDR) in terms of LDR yield and fidelity
using a continuous flow system microstructured on a PC substrate. Using this PC
chip, three steps were carried out: (1) Amplification of the gene fragments from
genomic DNA using PCR; (2) mixing of the resultant PCR product(s) with an LDR
cocktail via a Y-shaped passive micromixer; (see Figure 1.12) and (3) ligation of two
primers for detection of mutant DNA in an excess of wild-type sequences (1:1,000
mutant: wild type).
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Figure 1.12 Topographical layout of a CFPCR/CFLDR and zip code array biochips. The
microchip possessed channels that were 50 µm in width and 100 µm in depth with a 400 µm
interchannel spacing. The total length of the thermal cycling channel was 2.28 m and consisted
of a 30-cycle PCR (1.57 m long) and a 13-cycle LDR (0.71 m long). The top inset represents a
microscope image of the turns of the CF thermal cycling channel. The bottom inset is an
enlarged schematic of the Y-shaped passive micromixer for mixing the PCR product with the
LDR cocktail. Three different Kapton film heaters were attached to the appropriate positions on
the CFPCR/CFLDR chip for providing the required isothermal zones. Thermocouples were
inserted between the microchip cover plate and the film heaters for monitoring the temperatures.
Reproduced with permission from reference [218].
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It was found that a post-PCR treatment to deactivate Taq polymerase prior to the
LDR phase of the assay was not essential.219 The PCR/LDR continuous flow
microsystem was demonstrated by detecting single nucleotide polymorphisms in
KRAS genes that carry high diagnostic value for colorectal cancers. The PCR/LDR
products were analyzed off-chip with polyacrylamide gel electrophoresis poststained with ethidium bromide.
Wang et al.53 reported a CFPCR chip that consisted of a 20-loop spiral
microfluidic channel hot-embossed into a PC substrate. The CFPCR chip was
interfaced to a solid phase reversible immobilization (SPRI) chip made from UVactivated PC for purification of Sanger DNA sequencing ladders produced in the
CFPCR chip. The CFPCR chip had three well-defined temperature zones poised at
95, 55, and 60 ºC for denaturation, renaturation, and DNA extension, respectively.
The system was demonstrated for Sanger cycle sequencing using dye-terminator
chemistry. The CFPCR-SPRI system could prepare a sample for electrophoretic
sorting in less than 30 min. Following CFPCR-SPRI processing, the purified
products were collected into a microtiter plate and directly introduced into a
conventional capillary gel electrophoresis machine for separation and automated
base calling. Average read lengths of 682 bases with a 99% calling accuracy were
reported.
Lagally et al.80 developed a fully integrated genomic analysis microsystem that
included microfabricated heaters, temperature sensors and 200 nL PCR chambers
directly connected to µCE. The system was microstructured using a hydrofluoric acid
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etching procedure for glass described by Simpson et al.

220

The system was also

equipped with PDMS valves and hydrophobic vents to provide controlled and
sensorless sample positioning into PCR chambers connected to electrophoretic
separation channels. The use of microfabricated heaters and temperature sensors
created uniform heating over the entire PCR chambers and fast thermal response
times while minimizing power requirements. The heating and cooling rates for the
PCR were 20 °C/s and the 20 PCR cycles were complete in 10 min. The ramp rates
are within the range reported for devices in which the heating elements are in
contact with the PCR chambers,20,

65, 67, 76, 119, 221, 222

but slower than non-contact

devices.136, 223
Koh et al.9 demonstrated a microsystem fabricated using a poly(cyclic olefin)
substrate, which was produced by first creating the desired pattern on a glass plate
using photolithography and wet etching. A layer of metal (100 µm −1 mm) was then
electroplated onto the surface of the glass plate to create a molding tool (an
electroform) from which microstructures were embossed into a poly(cyclic olefin)
resin using compression molding. The resulting microsystem contained a cell
thermal lysis unit along with integrated valves, which could withstand pressures up
to 100 psi, and a PCR device that was directly connected to a CE microchannel to
sort fluorescently-labeled PCR products generated from different strains of E. coli (a
thiazole orange intercalating dye was admixed to label the PCR products for
fluorescence detection). The thermal cycling device also used printed-ink contact
resistors, which allowed heating at 12 °C/s. The system was used to identify E. coli
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O157:H7 organisms. A LOD of ~6 copies of target DNA was reported using this
system.
Easley et al.35 developed a microfluidic genetic analysis (MGA) system fabricated on
a glass substrate. The MGA was capable of accepting whole blood as a crude
biological sample for the detection of Bacillus anthracis (anthrax) in 750 nL of whole
blood from living asymptomatic infected mice with the endpoint generation of a
genetic profile. To demonstrated the sample-in-answer-out capability of the
integrated monolithic chip (see Figure 1.13 A), the blood was mixed with a lysis
buffer and a volume equivalent to 750 nL (containing 15–45 ng of murine DNA) of
whole blood was loaded onto the device with subsequent DNA extraction, a process
which was completed in <10 min. The DNA extractions used silica beads (5-30 µm)
that were packed into the SPE domain (see Figure 1.13 A (d)) against an etched
weir filter by using an applied vacuum and replaced before each analysis. Flow
rates employed for all extractions were 4.16 µL/min. Upon capture of the purified
DNA in a 550-nL PCR microchamber, IR-mediated thermal cycling was performed to
generate a 211-bp amplicon found on plasmid pX01 of B. anthracis (11 min
processing time for the PCR). This was followed by pressure-injection of postamplified products into the separation domain of the chip along with a DNA sizing
ladder and then, electrokinetic injection into a separation channel for electrophoretic
sorting, which was carried out in <180 s. The entire sample processing could be
completed in <30 min (see Figure 1.13 B).
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Figure 1.13 (A) Images of the microfluidic genetic analysis (MGA) system. (a) Dyes are placed in the
channels for visualization (Scale bar, 10 mm). Domains for DNA extraction (yellow), PCR
amplification (red), injection (green), and separation (blue) are connected through a network of
channels and vias. SPE reservoirs are labeled for sample inlet (SI), sidearm (SA), and extraction of
waste (EW). Injection reservoirs are labeled for the PCR reservoir (PR), marker reservoir (MR), and
sample waste (SW). Electrophoresis reservoirs are labeled for the buffer reservoir (BR) and buffer
waste (BW). Additional domains patterned onto the device included the temperature reference (TR)
chamber and fluorescence alignment (FA) channel. The flow control region is outlined by a dashed
box. Device dimensions are 30.0 x 63.5 mm with a total solution volume <10 µL (Scale bar = 10 mm).
(b) Schematic of flow control region. Valves are shown as open rectangles. V1 separates the SPE
and PCR domains. V2 and V5 are inlet valves for the pumping injection, V3 is the diaphragm
valve, and V4 is an outlet valve. (c) Device loaded into the manifold. (d) Intersection between SI
and SA inlet channels, with the EW channel tapering to increase flow resistance (Scale bar = 1 mm).
(e) Image of PCR chamber with exit channel tapering before intersecting with the MR inlet channel
(Scale bar = 1 mm). (f) Image of cross-tee intersection (Scale bar = 1 mm). The relative sizes of the
BR, SW, and BW channels create the difference in volume displacement during the pumping injection
and affect how the resistance is dropped under an applied separation voltage. (B) Integrated
detection of B. anthracis from murine blood. (a) Detector responses during all three stages of sample
processing and analysis are portrayed in terms of total analysis time. The SPE trace (green) was
taken from an offline DNA extraction of the same murine sample and is representative of the total
DNA concentration observed in a typical extraction. The temperature (blue) and fluorescence
intensity (black) represent online data, with a total analysis time of <24 min. (b) Fluorescence data
from an integrated analysis of a blank sample (no DNA loaded) control with marker peaks labeled.
The cartoon (Inset) represents valve actuation during the coinjection, with the PR and MR pumping
inlets indicated by the arrows. (c) Zoomed in view of the first separation shown in a, with the product
peak marked and sized. The second and third runs are overlaid with the time axis cropped. The plot
(Inset) shows the sizing curve of inverse migration time vs. log (base pairs) with both the sizing
standard peaks (open diamonds) and product (red square) plotted for all three runs shown in a (error
bars included). From these data, the product was sized as 211± 2 bp. Reproduced with permission
from reference [35].
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Thaitrong et al.224 fabricated a PCR-CE microsystem manufactured on a glass
substrate, whose layout is shown in Figure 1.14a. In this work, two types of injectors
were compared; side arm injector (see Figure 1.14b), which utilized a cross-T
injection mode, and an in-line injector (see Figure 1.14c), which employed a ~1 mm
long µCE section of cross-linked DNA afﬁnity-capture matrix synthesized in situ by
co-photopolymerizing acrylamide with 5′ acrydite-modiﬁed oligonucleotide capture
probes.225

Figure 1.14 (a) Layout of the PCR-CE microsystem with integrated sample cleanup. Each of the
four analyzers is composed of a 3-valve pump for fluidic control, an RTD temperature sensor and
integrated heater for thermal cycling, a 250 nL PCR reaction chamber, etched chambers for
analyte capture and purification, and 5 cm long µCE separation channels. (b) Expanded view of
the sidearm capture structure. A capture matrix (green) made of 6.5% linear polyacrylamide
(LPA) gel copolymerized with an oligonucleotide capture probe is manually loaded from the
sidearm into the capture chamber. (c) Expanded view of the in-column capture structure. An in
situ photopolymerized capture matrix made of 5% acrylamide/bis gel copolymerized with an
oligonucleotide capture probe is polymerized in a 40 mm deep × 120 mm wide × 1 mm long
capture zone directly in-line with the separation channel. Reproduced with permission from
reference [224].
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For the in-line injector strategy, the PCR products were captured and preconcentrated before thermal release and injection. This strategy was demonstrated
with PCR-µCE multiplexed analysis of E. coli K12 and E. coli O157:H7, where the inline injector eliminated band broadening and increased the injection efficiency to
~100%. In addition, the on-chip generated PCR amplicons processed on this system
with an oligonucleotide affinity capture gel exhibited ~3.6-fold increase in S/N, a 6fold increase in resolution and yielded separation efﬁciencies in the range of 2 × 105
plates/m compared to the sidearm injector.226, 227
There is need for portable field testing systems to perform DNA typing, microbial
forensics and insure public health. For example, point-of-use systems are needed to
determine the presence of microorganisms that are potentially harmful to humans.228
These applications would benefit from a portable microsystem that could provide
robust, quantitative analyses for the detection of infectious diseases or analyze DNA
forensic samples in a timely-manner.
Along these lines, Lagally and coworkers113 reported an integrated portable
genetic analysis microsystem to perform pathogen detection and genotyping directly
from whole E. coli and S. aureus cells. The system contained a single 200-nL PCR
amplification chamber directly connected to a µCE separation microchannel with
turns to increase its length. The chip was coupled with a compact electrical control
and

laser-induced

fluorescence

(LIF)

detector.

The

system

contained

microfabricated Ti/Pt heaters with gold leads on the reverse side of the chip, Ti/Pt
RTD temperature sensors fabricated within the PCR chamber and membrane valves
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to provide controlled sample positioning within the 200-nL PCR chamber (see Figure
1.15). In this work, two novel PDMS microvalves were assembled on the top surface
of the system. These microvalves exhibited dead volumes as low as 8 nL and were
actuated with small pressures and vacuums.229 Pt electrodes were also placed
within the system allowing application of high voltages without the need for external
electrodes. The microsystem was the size of a microscope slide and was placed into
a portable analysis instrument containing all of the necessary electronics, optics and
control hardware for conducting genetic analyses (form factor was 20.3 cm x 25.4
cm x 30.5 cm). This microsystem was used to perform a triplexed PCR targeting
genes that encode for 16S ribosomal RNA, the flagella antigen, and the shiga toxin
in E. coli. Fluorescein-labeled PCR products were electrophoretically analyzed in
<10 min.

Figure 1.15 Mask design for the portable PCR-CE system. The glass microchannels are
indicated in black, the RTD and microfabricated electrodes are in green, and the heater (located
on the backside of the device) is shown in red. The PCR chamber is loaded through reservoirs
(a) and (b). Reservoir (c) is the co-inject reservoir, d is the cathode, e is the waste, and f is the
anode. Reproduced with permission from reference [113].
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A portable field testing system for performing human identification via DNA typing
directly at a crime scene can be used to rapidly identify potential suspects. In the
work of Liu et al.,5 a portable forensic genetic analysis system consisting of two
identical PCR-CE systems symmetrically arranged on a 4-inch wafer for the
amplification and separation of short tandem repeats (STRs) was reported. The
structure of the system was similar to that developed by Lagally et al.113 (see Figure
1.15),

but the design was modified to accommodate field use. The fluidic chip

consisted of a 160-nL PCR chamber, integrated Ti/Pt heaters with gold leads
fabricated on the reverse side of the chip, a Ti/Pt four-point resistance temperature
detector (RTD) fabricated within the PCR chamber, and a 7cm-µCE separation
channel. The instrument integrated the following processing steps, PCR thermal
cycling, electrophoretic separation, pneumatic valve fluidic control, and four-color
laser-induced fluorescence detection. The multiplexing capability was demonstrated
using a quadruplex Y-chromosome short tandem repeat (STR) typing system
consisting of the amelogenin gene and three Y STR loci (DYS390, DYS393, and
DYS439). In this work, 35 PCR cycles for the amplification of all 4 loci followed by
CE separation and 4-color fluorescence detection was completed in 1.5 h.35
Liu and co-workers230 also demonstrated the capabilities of this portable
microsystem for crime scene investigation processes by performing real-time 9-plex
autosomal STR analyses at a mock crime scene to secure male and female STR
profiles (see Figure 1.16) with 100-copy sensitivity. In this demonstration, all alleles
were sized correctly in 2.5 h with a standard deviation ≤0.8 bp.
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Figure 1.16 Representative 9-plex STR profiles of (A) 9947A female and (B) 9948 male
standard DNA obtained with 100 copies of DNA template in the PCR chamber of an integrated
microfluidic system. Reproduced with permission from reference [230].

Mathies and his group55 reported a nanoliter-scale fluidic bioprocessor that
integrated three processing steps of Sanger sequencing (thermal cycling, sample
purification, and capillary electrophoresis) into a single monolithic system. The fluidic
system (see Figure 1.17A) was microfabricated using a hybrid glass-PDMS wafer
with the following three devices: (1) Thermal Cycling (TC) device, which consisted of
a 250 nL reaction chamber with integrated resistive temperature probes,
microvalves, and surface heaters (see Figure 1.17A); (2) affinity-capture purification
chambers for cleaning up the reaction products prior to electrophoretic sorting; and
(3) µCE channels with a 30-cm length that was folded via 65-µm-wide turns (see
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Figure 1.17A). The pneumatic valves and pumps were also included in the
microsystem. Overall, the system was comprised of four-layers, three of which were
100-mm-diameter glass wafers that contained the fluidic channels and a final layer
consisting of a PDMS membrane.

Figure 1.17 (A) Photograph of the system bioprocessor components showing a DNA processing
system. Colors indicate the location of sequencing reagent (green), capture gel (yellow),
separation gel (red), and pneumatic channels (blue) (Scale bar = 5 mm). B-F corresponds to the
following component microphotographs. (B) A 250-nL thermal cycling reactor with RTDs (Scale
bar = 1 mm). (C) A 5 nL displacement volume microvalve. (D) A 500-µm-diameter via hole. (E)
Capture chamber and cross injector. (F) A 65-µm-wide taper that fold the 30-cm capillary to
minimize turn-induced dispersion. (G) Base-call accuracies and sequence read length as
predicted by PHRED. Percent accuracy is related to the PHRED quality score by: 100 x (1 - Pe),
where Pe is the probability that the base call is incorrect and is equal to 1/10Q/1º. A one-in-ahundred error rate is indicated by the dashed line. The gray line plots PHRED quality scores at
each base position. The black line charts predicted read accuracy at each base position: 100 x
(Basei -S Pei)/Basei, where Basei is the base position. Reproduced with permission from
reference [55]

56

The reaction chambers and µCE channels were etched between two thermally
bonded glass wafers while channel interconnections and microvalves were formed
by the PDMS and a bottom manifold glass wafer. The system was demonstrated for
complete Sanger sequencing from only 1 fmol of DNA template with 556 continuous
bases sequenced at 99% accuracy (see Figure 1.17), demonstrating read lengths
appropriate for de novo sequencing of human and other complex genomes. The
base-call accuracy estimates were accumulated using PHRED 0.020425.C.231
1.9

Concluding Remarks
There have been extensive reports on devices designed toward performing a

single-step in the analysis of a variety of nucleic acids, such as DNAs and RNAs.
These devices have been fabricated using a variety of micro-manufacturing
techniques in different substrate materials as well. Devices have been developed for
the solid-phase extraction of nucleic acids from clinical, environmental or crimescene samples employing beads, polymer monoliths or fabricated pillars to produce
the desired solid phase. In addition, a plethora of devices focused on thermal
cycling, such as that required for PCR, cycle sequencing or allele specific LDR, have
been detailed in the literature typically using either a chamber-type approach in
which the chamber and its contents are cycled between the desired temperatures or
a continuous flow operation, in which isothermal zones are situated on the chip and
the reaction fluid is transported through these isothermal zones. Devices have also
been reported to perform µCE separation of DNAs using sieving matrices with
various channel lengths to reach the desired resolution demanded of the separation.
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While these represent innovative concepts, the complete analysis of different sample
types required for genetic analyses typically requires a number of processing steps
(see Scheme1.1). Therefore, it is clear that integration of many of the
aforementioned devices to form functional and autonomously operated systems
needs to be undertaken. However, process integration to form autonomous systems
is not simply a matter of “hooking” together the various devices outlined previously.
For example, many of the upstream processing steps and the reagents they require
may be detrimental to those poised downstream. Also, some steps demand
hydrodynamically driven flow, while others require electrokinetically driven flow.
Another concern is unswept volumes, which can generate sample carryover artifacts
or sample loss, especially when dealing with ultra-small sample volumes. Some
substrate materials do not accommodate particular processing steps; high optical
quality materials must be used for assays employing fluorescence as the detection
mode. Finally, some process steps require thermal control, such as PCR, and these
thermally-actuated units must be isolated from those that are sensitive to
temperature, such as microarrays.
Several examples of integrated microfluidic systems have been presented
herein, most of which are proof-of-concept demonstrations with only a few examples
that have actually dealt with clinical or “real-world” samples. Unfortunately, many of
these demonstrators of integrated microfluidic systems, while attractive in terms of
their ability to reduce sample processing time and reagent consumption, have only
been utilized in research settings. Some of the more compelling applications for
58

integrated microfluidic systems, such as in vitro diagnostics, homeland security or
forensics, will demand systems that can accommodate field analysis and/or one-time
use operation. For example, in the case of in vitro diagnostics, it will be necessary to
use the entire microfluidic system for a single patient sample demanding that the
cost of the chip be low. In addition, field analysis applications will require that not
only the chip possess a small footprint, but the support peripherals must have the
same characteristic. These support peripherals include pumps, valves, reagent
reservoirs, electronics and the optomechanics if some type of optical readout is
used. The chip and support peripherals must all be packaged into small form factor
instrument and also, must consume minimal amounts of power so as to realize
battery operation for extended periods of time. All this must be engineered without
sacrificing assay performance in terms of reproducibility, limit-of-detection, sensitivity
and specificity.
Another interesting aspect is related to manufacturability of the system; for wide
spread commercialization consideration, the fluidic system must be produced in high
volume and at low cost. Chip production not only includes the microfabrication of the
channel networks, but also chip assembly, integration of various components such
as electrodes, optical elements, and valves and finally, the surface attachment of
necessary biologics to affect the desired process step. While microfluidics has
shifted from the use of silicon, glass and other similar materials that require
extensive microfabrication procedures to polymer substrates that can use microreplication processes (similar to that used to produce CDs and DVS) to produce the
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desired fluidic networks in a high production mode with good fidelity, the challenge
still remains in chip finishing following production of the fluidic network.
The driving force behind the increasing development of integrated microfluidic
systems is certainly due to their potential commercialization, but also in their diverse
applications in such areas as biology, chemistry and other disciplines, which strongly
demand the emergence of new analysis platforms to achieve higher performance
and throughput. Because direct integration of PCR with other sample preparation
protocols, including µCE, fluorescence and microarrays has been demonstrated for
a wide range of applications (pathogen detection, DNA typing and DNA sequencing),
these success stories will demand higher functionality at lower-cost and with higher
throughput. Such systems will offer compelling advantages such as short assay
turnaround times, automated operation, improved operator protection, lower crosscontamination, reduced human error and lower overall assay cost. Minimization of
potential carryover contamination from run-to-run is a key consideration in providing
accurate and reliable results and the use of disposable fluidic cartridges will
effectively minimize this risk.
1.10
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CHAPTER 2. MICROCHIP ELECTROPHORESIS OF ALU ELEMENTS FOR
GENDER DETERMINATION AND INFERENCE OF HUMAN ETHNIC ORIGIN*
2.1

Introduction
Short tandem repeats (STR) are 4-6 bp repeat motifs, which are microsatellite

DNA widely used in crime scene analysis, human identification, and paternity
testing.1,

2

STR technology is based on well-characterized polymorphic DNA loci

distributed throughout the human genome. The 13 STR loci typically used for DNA
forensics have considerable variability regarding the number of repeat units from
individual-to-individual. Following multiplexed PCR amplification, DNA samples
containing the length-variant STRs are typically separated by capillary gel
electrophoresis and genotyped by comparison to a sizing ladder supplied with
commercial kits (e.g. AmpFISTR®, Identifiler® and PowerPlex® 16 System).3-6
PCR-based

amplification

of

multiple

STR

loci

followed

by

capillary

gel

electrophoresis (CGE) can provide STR assays with high sensitivity and high
discriminatory power.1, 7, 8 However, STR testing does have some limitations that are
often dictated by the quality and quantity of the biological evidence 9. For example,
in cases where a DNA sample is either highly-degraded, compromised by sample
impurities, or present in trace amounts, STR analyses cannot be used to identify the
contributor or to exclude those who may be falsely associated with the evidence due
to poor signal-to-noise in the measurement.9 Furthermore, allelic and locus dropout
for the larger loci in commercial kits, such as the Identifiler® and PowerPlex®16
*

Reproduced with permission from Electrophoresis
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systems, can be problematic especially when the DNA is in a degraded form or the
DNA extract contains PCR inhibitors.10,

11

Recent developments of mini-STRs with

PCR primers that are designed to prime close to the repeat region of the STR being
amplified have shown that some of these problems can be overcome when
attempting to analyze degraded samples.12-14
Gender determination of human DNA samples is an integral part of most forensic
analyses because >75% of violent offenses are committed by men on women.15 The
most widely used approach for sex determination is based on the Amelogenin locus,
which yields different-sized PCR amplicons for the X and Y chromosome of the
Amelogenin gene.16 However, this method misidentifies males as females in some
cases due to a deletion in the AMEL Y region.17-19 This deletion has previously been
reported to be present at a frequency of 0.018% in Caucasian males, 1.85% among
Indians, and as high as 8% in Sri Lankans.17-19 Forensic results in circumstances
such as rape and prenatal gender determination, where there can be risk for a malespecific inherited disorder, makes any source of error a legitimate cause for
concern.20 Any false sex assignments may lead to litigation and therefore, the
Amelogenin gene should not be relied upon as the sole determinant of gender.17, 18,
21

Highly discriminating multi-locus probes can also be used to analyze variation at
a variable number of tandem repeat (VNTR) loci simultaneously, but has been
replaced by single-locus restriction fragment length polymorphism (RFLP) analysis
of individual VNTR loci, each scored separately.8,
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22

When DNA samples from

different individuals are subjected to restriction enzyme analysis, unique banding
patterns of DNA fragments from different individuals can be observed. However,
typing of RFLP/VNTR loci requires relatively large amounts of long DNA molecules
and is not easily automatable.8 Although RFLP profiles have revolutionized criminal
investigations, isolation of sufficient DNA for RFLP analysis is time-consuming and
labor intensive. Alternative RFLP assays are based on sex-specific mutations in the
ZFX/ZFY locus. This method requires a second enzyme digestion or a hybridization
step following the initial PCR amplification
amplification of the SRY locus

23, 24

, while other methods, such as the

25

, lack an internal positive control to discriminate

between female and male DNA. The most recent method is based on a single
adenine insertion within a tandem repeat array at the DXYS156 locus.26 This method
requires access to costly allele detection equipment, which is unavailable to most
forensic laboratories.
Alu elements are repetitive DNA sequences, which constitute a unique class of
molecular markers that have attracted increasing interest in recent years because
they are highly abundant (10-13%) in the human genome, which provides the ability
to obtain PCR results with high signal-to-noise ratio even when dealing with minute
amounts of sample.27,

28

Alu elements are dimeric DNA sequences approximately

300 bp in length and are derived from the 7SL RNA gene.29-31 An estimated 0.5-1.0
X 106 Alu elements are dispersed throughout the human haploid genome primarily in
AT rich neighborhoods located within larger GC dense chromosomal regions and
are inserted into the genome via a mechanism known as retroposition.32, 33 Alu’s are
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markers that have been used in tracing the complex pattern of duplication and
rearrangements that occurred during the evolution of primates.34 Alu sequences are
able to copy themselves into other parts of the genome. Alu sequences are fixed
and they are rarely lost completely once retroposed.35 Polymorphic Alu insertions
have proven to be useful for population studies, paternity determinations (Alu
insertion is a unique event and is inherited from each parent) and forensic
applications.36 In particular, these elements can be used for gender determinations
as well as ethnicity determinations, information that is difficult to secure using STRs.
Human genetic variation in world populations can be utilized in forensic
investigations to determine the ethnic background of an individual. Because Alu
elements have a defined ancestral state,

28, 37

they can serve as ideal candidates for

inferring geographic origin/ethnic background of individuals. For instance, Ray et al.
38

reported a blind study of 100 polymorphic Alu insertions to infer the geographic

ancestry of 18 unknown individuals from a variety of locations. Using the Structure
2.0 software, 18 individuals were positively traced to their geographic origin. The
Structure 2.0 software has the capability to detect admixtures between populations
in individual genotypes dating back three generations. While other genetic markers,
such as SNPs, can be used for ancestry determinations they require allele
frequencies >56 and most originate from pigmentation genes.39
The ancestral state of an individual is signified by the absence or the presence of
a series of Alu elements at the appropriate loci.40 The polymorphic Alu insertions
such as the RC5 Alu element present on chromosome 7 and an A1 Alu on
83

chromosome 14 were found uniquely in groups with African ancestry and lacking in
non-Africans.41 The PV92 is present on chromosome 16, and is most frequent in
Amerindians

42

and East Asians.43 The Alu ACE (on chromosome 11) insertion is

situated in an angiotensin-converting enzyme gene (Ace gene)

44

while Alu TPA

insertion occurs within the 8th intron of the tissue plasminogen activator gene
(PLAT).45 ACE and TPA are known to be polymorphic (presence/absence of Alu
element) in worldwide populations and as such, can serve as markers for population
structure analyses.45, 46
Microchip-based electrophoresis has attracted widespread interest, not only due
to its potential for parallel sample processing (analogous to slab gel electrophoresis)
but also because of the high-speed separations it can provide and the potential for
integration to up-stream processing steps to provide fully autonomous systems for
DNA testing.47 Although microchip-based capillary electrophoresis has been
demonstrated for the fast and high throughput processing of STR elements,48, 49 only
conventional slab gel electrophoresis has been utilized for Alu element typing.37, 38, 50
In this manuscript, we report microchip-based electrophoretic separations (µCE)
of Alu elements with detection using laser-induced fluorescence (LIF). By utilizing
non-polymorphic Alu insertions on the X and Y chromosomes, mixed samples of
male and female DNA (e.g. sex typing) for gender determinations using model
samples will be provided. In addition, model samples were analyzed and genetic
profiles generated from polymorphic Alu loci with restricted geographical distribution
using µCE for sorting the generated multiplexed PCR products to determine
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ethnicity. The polymorphic Alu loci evaluated could generate three different genetic
profiles depending on whether the two alleles on each locus were filled (+), empty (-)
or only one was filled and the other empty (+/-). Following µCE sorting of the three
possible genotypes, homozygous for the presence (+/+), homozygous for the
absence (-/-), and heterozygous (+/-), unique DNA profiles could be generated with
adequate resolution using µCE to observe the relevant electrophoretic bands. We
will also demonstrate the ability to perform gender determinations using µCE and Alu
elements without requiring the need to separate male from female cells.
2.2

Materials and Methods

2.2.1 DNA Extraction from Cell Lines
PCR products were amplified from genomic DNA templates that were extracted
from LNCaP (ATCC-CRL1740), MCF-7 (ATCC-HTB22), HEL 299 (ATCC-CCL137),
HeLa (ATCC-CCL2), and CCD-11Lu (ATCC-CCL202) cell lines obtained from ATCC
(Manassas, VA). These cell lines were used as models for sex/ethnic determinations

(see Table 2.1). Cell lines were grown in ATCC-formulated Eagle's minimum
essential medium containing fetal bovine serum to a final concentration of 10%,
except for the LNCaP cells, which were grown in RPMI culture media with 10%
bovine serum. Genomic DNA was extracted from the harvested cells (~1 x 106) using
GenEluteTM mammalian genomic DNA Miniprep Kits (Sigma-Aldrich, St. Louis, MO).
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2.2.2 Polymerase Chain Reactions (PCRs)
PCRs were carried out in a total volume of 50 µL in 1X PCR buffer containing 15
mM MgCl2, 200 µM dNTPs (New England Biolabs, Ipswich, MA), 0.5 µM forward and
reverse primers (0.25 µmol of each primer), 1 unit of Taq DNA polymerase (New
England Biolabs) and between 1 and 8 ng of a genomic DNA template extracted
from the cell lines. Reverse primers were fluorescently labeled with a Cyanine dye
(Cy3, λex/ λem = 537/570 nm) on their 5’ ends, and were purchased from Integrated
DNA Technologies (Coralville, IA). The primers sets used and their fluorescent
labels are shown in Table 2.1. Amplification was achieved by thermally cycling (32
cycles) at 94 ºC for 40 s; 59 ºC for 50 s; 72 ºC for 1 min and 72 ºC for 7 min as a
final extension using an Eppendorf Thermal Cycler (Brinkmann Instrument Inc.,
Westbury, NY) for AluSTXa and AluSTYa. Similar thermal cycling conditions were
used for the RC5, A1, PV92, TPA and ACE Alu loci except for PCR primer annealing
temperatures of 60 ºC, 56 ºC, 55 ºC, 60 ºC and 58 ºC, respectively. The PCR
products were stored at -20 ºC until required for use.
2.2.3 Gender Identification and Ancestry Inference
Using Alu typing, we analyzed mixed samples in which male DNA in the
presence of large amounts of female DNA was studied. Ratios of male: female DNA
used were 1:0, 1:1, 1:3, 1:5, 1:7, and 1:9. Two different Alu loci, AluSTXa and
AluSTYa, were amplified for mixed samples specifically for gender determinations. The
primer sequences and the target PCR product sizes for Alu loci utilized in this study are

shown in Table 2.1. The study of ethnic affiliation was carried out by utilizing A1,
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RC5, and PV92 polymorphic Alu’s while TPA and ACE were used to further develop
unique DNA profiles for each individual DNA sample (see Table 2.1 for details).
Table 2.1 PCR primer sequences and the fluorescent labels they carry as well as PCR product
lengths generated using the listed primer pairs. PCR primer sequences and the fluorescent
labels they carry as well as PCR product lengths generated using the listed primer pairs. The
first two Alu elements listed are those used for gender determinations while the last five are used
for ethnicity determination determinations. F = Alu element is present, Filled Alu site; E- Alu
element is absent, Empty Alu site.

Alu I.D.

Forward Primer 5’-3’

Reverse Primer Cy3-5’-3’

a

Alu STXa TGAAGAAATCCAGTTCATAGCTTGT GGAGATCCTGAGATTATGTG
a

Alu STYa CATGTATTTGATGGGGATAGA GG

b

PV92
c

RC5
c

AACTGGGAAAATTTGAAGAGAAAGT TGAGTTCTCAACTCCTGTGTGTTAG

556, 878

878

199, 528

199

F

E

443

129

CCCCTTCCAGAGAAGCAT TT

GCTCTTCTTTTTCAGTGAGTTTCC

460

160

TTGAAAAGGGGGTAGTTTATGA

AACCCTTGAGAGGGGATGAC

710

384

d

GTGAAAAGCAAGGTCTACCAG

GACACCGAGTTCATCTTGAC

570

260

e

CTGGAGACCACTCCCATCCTTTCT

GATGTGGCCATCACATTCGTCAGAT

490

190

A1

TPA

CCTTTTCATCCAACTACCACT GA

Product Size (bp)
Male Female

ACE

Based on Hedges et al.20 , b Based on Comas et al.43, c Based on Cordaux et al.
Tishkoff et al.45 eBased on Batzer et al. 51
a

41 d

Based on

2.2.4 Microchip Fabrication
Microchips were prepared by hot-embossing poly(methyl methacrylate), PMMA,
from a brass master fabricated via high precision micro-milling.52 The hot embossing
system consisted of a PHI Precision Press model TS-21-H-C (4A)-5 (City of
Industry, CA) and was used to replicate the desired microstructures into PMMA
(MSC, Melville, NY).53 The embossed microstructures formed a separation channel
with dimensions of 100 µm (depth) x 50 µm (width) and 5 cm in length with 0.5 cm
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intersecting side channels offset by 500 µm, which provided a volume-defined
injection plug of 250 pL. Reservoirs were added to the microchips by drilling 1.25
mm holes centered at the end of each channel. After an isopropyl alcohol rinse and
sonication in ddH2O for debris removal, the final device was assembled to form the
microchannels by thermal fusion bonding a 125 µm thick PMMA cover slip onto the
molded PMMA substrate at 107 ºC in a convection air oven for 20 min.
2.2.5 Laser-Induced Fluorescence (LIF)
Dye-labeled DNA fragments were analyzed with a LIF detection system
constructed in-house. Briefly, the epi-illumination setup consisted of a 10 mW, 532
nm Nd:YAG laser (Stocker Yale Canada Inc., Quebec, Canada) excitation source, a
532 nm dichroic filter (550DRLP, Omega Optical, Brattleboro, VT), a 40X high
numerical aperture (NA = 0.85) microscope objective (Nikon, Natick, MA) and a 1
mm pinhole (National Aperture, Saleh, NH). Before directing the laser beam onto
the dichroic filter, it was passed through an attenuator to set the power to 2 mW. The
laser beam was then focused onto the electrophoresis microchannel with the
microscope objective. The fluorescence signal was collected by the same objective
and passed through the pinhole. After the pinhole, the fluorescence signal was
spectrally isolated using an edge filter (XF3085, Omega Optical, Brattleboro, VT)
and subsequently collimated with an achromatic lens (Rolyn Optics, Covina, CA)
and focused onto an H5784 PMT (Hamamatsu, Bridgewater, NJ). The LIF signal
was acquired on a personal computer equipped with a PCI-6014 analog input card
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(National Instruments Corp., Austin, TX) and a pulse converter (IBH model TB-01,
Glasgow, UK). Data acquisition software was written in LabView.
2.2.6 Microchip Electrophoresis (µCE)
Prior to the electrophoretic analysis, the PMMA microchannel was flushed with
0.05% w/v methyl hydroxyethyl cellulose, MHEC (Fluka BioChemika, Switzerland),
dissolved in 1X TTE buffer to suppress the electroosmotic flow (EOF) and to prevent
sample-wall interactions.54,

55

Then, the microchannel was loaded with a 4% w/v

linear polyacrylamide (LPA) gel of ~6 MDa molecular weight (Polysciences Inc.,
Warrington, PA) by pressurizing the polymer into the microchannel from the buffer
waste reservoir using 40 psi nitrogen pressure. The LPA gels are the most popular
sieving material. They are characterized by ultra-high molar mass and hydrophilicity.
They form strongly entangled networks of openings as opposed to the nonreplaceable cross-linked polyacrylamides that form pores in the gels. They are found
to be an excellent for high-efficiency DNA separations.56 In this work, different LPAs
concentrations (e.g., 2.5%, 3% and 4% w/v of ~6 MDa molecular weight) were
investigated. The PMMA microchips filled with a 4% (w/v) LPA sieving matrix were
capable of providing baseline resolution for all the PCR products generated from Alu
DNA typing assays, which range in size from 100 to 900 bases.
The 4% LPA was prepared from high-viscosity-average molecular mass powder
dissolved in 1X TTE (50 mM Tris, 50 mM TAPS, 2 mM EDTA) with 7 M urea
(Applied Biosystems, Foster City, CA). To each reservoir, 5 µL of 1X TTE
electrophoresis buffer was added and a pre-electrophoresis step was performed to
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remove any charged small-molecule contaminants out of the sieving matrix. The preelectrophoresis step involved the application of 350 V/cm across the injection
channel for 30 s followed by 200 V/cm along the separation channel for 3 min. After
the pre-electrophoresis step, the reservoirs were emptied and replaced with fresh
buffer and 5 µl of purified sample was added to the sample reservoir. The DNA
sizing ladder used in these experiments was custom-made from PCRs run using a λDNA template. In the construction of the sizing ladder, the reverse primers for all
amplicons were 5’-Cy3-labeled primers (Integrated DNA Technologies, Coralville,
IA). The forward primers were chosen to yield specific fragment lengths that would
not overlap with the PCR product sizes of interest. Following PCR amplification, the
ladder was purified using a Microcon spin-column YM-30 (Millipore, Billerica, MA) to
remove salts and subsequently diluted in hidi-formamide (Fisher Scientific,
Pittsburgh, PA), heat denatured at 95ºC for 5 min and snap cooled for ~5 min in ice.
The different product lengths of 91, 179, 252, 404, 543, 600 and 907 nucleotide
bases were pooled to yield the final sizing ladders. Prior to injection, the Alu PCR
products were also purified and diluted in hidi-formamide, heat denatured, and snap
cooled before electrophoresis. The Alu PCR products were mixed with the sizing
ladder.
High voltages required for the electrophoresis separations were provided by an
electrophoretic switch box assembled in-house to operate four 0.5 mm diameter
platinum electrodes (Alfa Aesar, Ward Hill, MA) through the use of three
independent HV modules (EMCO, Sutter Creek, CA). The power supply, operated
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by Labview software, was configured into separate electrophoretic modes – pre-run,
injection, and electrophoretic separation – with each of four electrode potentials
programmed independently for predetermined amounts of time. To generate the
volume-defined injection plug, 420 V/cm was applied for 50 s from the sample
reservoir (ground) to the waste reservoir (+4.2 kV). Electrophoresing of the sample
was conducted using field strengths of 130 V/cm, while adduction field strengths of
160 and 145 V/cm were applied to sample and waste reservoirs, respectively, to
prevent extraneous sample leakage into the separation channel.
2.3

Results and Discussion
In order to determine the ability to generate sufficient plate numbers for the high

resolution separation of the Alu PCR products, which range in size from 100 - 900
bases, the µCE separation conditions were optimized using a sizing ladder
consisting of 20 ssDNAs that were fluorescently-labeled (see Figure 2.1). Plate
numbers of 1.6 x105 m-1 for the 550 base fragment of the sizing ladder was obtained
with a resolution between fragments 550 and 600 bases of 3.8 using an effective
separation distance of 3.5 cm, a 130 V/cm separation electric field strength and a
4% (w/v) LPA matrix in 1X TTE buffer and 7 M urea as the denaturant. These
separation conditions were capable of providing near baseline resolution for all Alu
fragments analyzed in this study and the sizing ladder fragments as well as for the
smallest base difference amongst the Alu fragments, which was 15 (528/543 base
fragments).
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Figure 2.1 µCE of 20 fluorescently-labeled (λex 557 nm / λem574 nm) size marker fragments (50,
75, 100,125, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, and 900
nt). The microchip was made from PMMA via hot embossing from a metal mold master (see
Experimental Section). The sieving matrix consisted of 4% LPA containing 7 M urea in 1X TTE
buffer; Esep =130 V/cm; Leff = 3.5 cm. Inset: Sizing plot of the DNA size markers (n=3) showing
the DNA fragment size versus migration time along with the linear function fit to this data, r2 =
0.99.

Although the time of analysis could be reduced using higher electric field
strengths than the one selected herein (130 V/cm), higher field strengths had little
effect on plate numbers and it was observed that deterioration in the resolution of
longer DNA fragments (>500 nucleotide bases) occurred (data not shown). This
most likely resulted from longer fragments migrating via “biased reptation” in the 4%
LPA sieving matrix.57, 58 By using field strength of 130 V/cm and an effective column
length of 3.5 cm, we could achieve efficient separation of all Alu PCR products within
15 min.
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2.3.1 Gender Identification
For gender determinations, insertion of an Alu element into an X–Y homologous
region creates a way of differentiating between the X and Y chromosomes based on
PCR amplicon size only if the loci interrogated are non-polymorphic. Hedges et al.

20

identified two non-polymorphic Alu insertion sites, one fixed on the X chromosome
(AluSTXa) and another on the Y chromosome (AluSTYa). Because these insertions
are in a non-recombining X-Y region, AluSTXa on the X chromosome is always
filled, while the homologous region on the Y chromosome is always empty. Similarly,
AluSTYa on the Y chromosome is always filled while the homologous region on the
X chromosome is always empty. Primers used for the AluSTXa loci will yield two
PCR products, one from the inserted Alu element on the X chromosome and a
shorter fragment from the homologous empty site on the Y chromosome only for
males because they possess the Y chromosome while females will produce only one
band. Primers used for interrogating AluSTYa will yield an amplicon for the Alu-filled
site on the Y chromosome and a shorter fragment for the empty site on the X
chromosome for males while the female only produces a single band. For gender
determination experiments, LNCaP cells were used as a model for male DNA, while
MCF-7 cells were used as a model for female DNA.
Using AluSTXa and AluSTYa, interpretable DNA amplification profiles were
obtained for both male and female DNA samples. Results of typical µCE runs are
shown in Figures 2.2A and 2.2B for AluSTXa, and Figures 2.2C and 2.2D for
AluSTYa, for both male and female DNA samples. Using AluSTXa, two products
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were obtained from male DNA (Figure 2.2A). Because males have X and Y sex
chromosomes, a fragment of 878 bp was associated with an inserted Alu element in
the X chromosome and the other fragment of 556 bp was generated from the
homologous empty site in the Y chromosome. For females (see Figure 2.2B), only
one fragment of 878 bp was obtained indicating Alu filled X chromosomes and a lack
of the Y chromosome.
Similarly, a PCR using AluSTYa specific primers yielded two products for the
male DNA, one fragment of 528 bases for the Alu-filled site on the Y chromosome
and a fragment at 199 bases for the empty homologous site on the X chromosome
(Figure 2.2C). Conversely, for female DNA, the longer 528 base product was absent
as women lack the Y chromosome (see Figure 2.2D). These results indicated that
the two non-polymorphic Alu loci probed in the X and Y chromosomes provide a
method for gender determination by differentiating between inserted (filled) and noninserted (empty) Alu sites on the X and Y chromosomes.
Several other DNA samples were tested using AluSTXa and AluSTYa to
determine gender; HEL 299 and CCD-11-Lu were used as additional male models
and HeLa was used as another female model (see Figure 2.3). However, these cell
lines have different ethnic origins (African and Asian) to demonstrate the nonpolymorphic nature of these loci. Similar results were obtained as those secured for
the MCF-7 and LNCaP cell lines. Based on these results, gender determinations can
be secured using Alu insertion sites on the X and Y chromosomes that will not
confound or interfere with the ethnicity determinations.
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Figure 2.2 PMMA microchip electrophoresis of; (A) Male AluSTXa 556 and 878 base amplicons
coinjected with the sizing ladder. (B) Female AluSTXa 878 base amplicon coinjected with the
sizing ladder. (C) Male AluSTYa 199 and 528 base amplicons coinjected with the PMMA
microchip electrophoresis of; (D) Female AluSTYa 199 base amplicon coinjected with the sizing
ladder. The sieving matrix used consisted of a 4% LPA in 1X TTE (50 mM Tris, 50 mM TAPS, 2
mM EDTA) containing 7 M urea as the denaturant and 0.05% w/v methyl hydroxyethyl cellulose
(MHEC) used as a dynamic coating for EOF suppression. Injection conditions consisted of a 50 s
injection time with Esep= 130 V/cm and Leff = 3.5 cm. In all cases, the DNAs were in their singlestranded forms for these separations.

Using the Alu markers targeting the X and Y chromosomes, male DNA could be
detected in large excesses of female DNA via µCE without requiring cell sorting prior
to the determination. Amplifications of AluSTXa and AluSTYa and electrophoretic
sorting were carried out by mixing male and female DNA at different concentration
ratios. The male DNA in each run was maintained at 600 copies/µl while the female
DNA was increased to achieve the desired ratio of male-to-female genomic DNA at
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levels of 0:1, 1:1, 1:3, and 1:9, respectively, resulting in ratios of Y-to-X
chromosomes of 1:1, 1:3, 1:7, and 1:19, respectively.

Figure 2.3 Fluorescence images of 4% agarose gel electropherograms of amplicons of (A)
AluSTYa and (B) AluSTXa loci in X and Y chromosomes for DNA from different samples. For
both loci, males are identified as having 2 amplicons (a, c, and e), while the female DNA gives
one product (b and d). a, c, and e are LNCaP cells, HEL 299 cells, and CCD-11-Lu cells,
respectively, representing male DNA, while lanes b and d are MCF-7 cells and HeLa cells,
respectively, representing female DNA. (m) is the DNA sizing ladder, and (n) is a negative
control (no DNA in the sample). PCR conditions were as follows: 2:30 min @ 94 ºC; 32 cycles
consisting of; 1 min @ 94 ºC; 1 min @ 59 ºC; and 1 min @ 72 ºC. The concentration of DNA
amplified was 4 ng/µL.

The male-to-female DNA mixture in a ratio of 1:9, corresponding to a ratio of Yto-X chromosomes of 1:19, was detected after full amplification of both AluSTXa and
AluSTYa loci. These results are shown in Figure 2.4A for AluSTXa where traces (a),
(b), (c) and (d) correspond to a male: female ratio of 0:1, 1:9, 1:3, and 1:1,
respectively. Similar results were observed for AluSTXa as shown in Figure 2.4B.
The balanced amplification profiles were obtained without the need for adjusting the
DNA polymerase concentration even for a male: female ratio of 1:9 shown by the
traces labeled (b) in Figure 2.4.
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Figure 2.4 Microchip electrophoresis of; (A) AluSTXa mixed samples for different male (556, 878
base)-to-female (878 base) DNA ratios. (B) AluSTYa mixed samples for different male (199, 528
base)-to-female (199 base) DNA ratios. The male DNA in each run was maintained at 600
copies/µL while the female DNA was increased to achieve the desired ratio of male-to-female
(M:F) genomic DNA of 0:1 (a), 1:9 (b), 1:3 (c), and 1:1 (d). The separation conditions were the
same as those used in Figure 2.2.

In a forensic setting, the ability to test for the presence of both Alu insertions in
the X and Y chromosomes simultaneously is desirable. To demonstrate this ability
with Alu’s, we performed a duplex PCR for both AluSTXa and AluSTYa. The results
in Figure 2.5A show 199 and 878 base PCR products, consistent with typing female
DNA. Duplexed PCRs for typing male DNA yielded four PCR products consistent
with typing male using AluSTYa (199 and 528 bases) and AluSTXa (556 and 878
bases) sites simultaneously. It was normally difficult to resolve the 528 and 556 base
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DNA fragments using a 2% agarose gel even after 45 min of electrophoresis run
time (data not shown).

Figure 2.5 µCE of PCR products from AluSTXa and AluSTYa duplexed reactions showing; (A)
female DNA (199, 878 bases); and (B) male DNA (199, 528, 556, and 878 bases). The total
amount of DNA used for the PCR amplifications was 200 ng (4ng/µl). The insert shows an
expanded view of the 878 nucleotide (nt) fragment. The separation conditions were the same as
those used in Figure 2.2.

The resolution obtained with µCE for the 528 and 556 base products was found
to be 2.1 in less than a 15 min run time. The results for duplexed male typing are
shown in Figure 2.5B with the inset showing an expanded view of the 878 base
amplicon resulting from duplexed PCR Alu male DNA typing. Typing AluSTXa and
AluSTYa loci together for human gender identification can provide increased
accuracy for sex-typing because local deletions or other types of sequence
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variations that affect the PCR would have to occur in at least two independent
genomic locations, 20 which is highly unlikely.
2.3.2 Ethnic Origin Determinations
Alu elements are classified into three major families, representing the oldest,
intermediate, and youngest families. Batzer and Deininger
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estimated that

approximately 5,000 young Alu elements are specific to humans and among them
about 25% are polymorphic between different population groups with respect to their
presence or absence in the genome making them viable maker candidates for
geographic origin determinations. It is important to note that the more recent the Alu
element, the more likely it would occur at high frequency in a specific and narrow
geographic region. Ray et al. has demonstrated the utility of Alu elements as a
forensic tool by using a simple PCR-based method.38 Among the disadvantages in
that reported work was the labor-intensive slab-gel electrophoretic systems used for
the analysis.
To generate different DNA profiles from five different samples, RC5, A1 and
PV92 insertion polymorphism-based PCRs and µCE were performed. The primary
goal of these studies was to demonstrate the ability to generate rapid separation
times in an automated fashion for Alu-based ethnicity markers using µCE with LIF
detection. In contrast to the gender determinations, the A1, RC5 and PV92 Alu sites
are highly polymorphic for insertion presence or absence, which is dependent on
and associated with the ethnic origin of an individual.41, 43 The genetic profiles of any
DNA sample can be; (i) heterozygous(+/-), where the Alu insertion is present at only
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one chromosomal location and absent in the other; (ii) homozygous for the presence
(+/+) of the Alu; or (iii) homozygous for the absence (-/-) of the Alu insertion element.
The results for the µCE analysis of DNA fragments generated from PCR typing of
three Alu loci RC5 (trace a), A1 (trace b) and PV92 (trace c), are shown in Figure
2.6. Typing both LNCaP and CCD-11 Lu cell lines with the A1 and RC5 markers
showed a lack of an Alu insertion on both chromosomal locations indicated by the
presence of 384 and 160 base products for A1 and RC5, respectively.

Figure 2.6 µCE of PCR amplicons generated for human identity typing of three polymorphic Alu
loci, Alu A1 (a), Alu RC5 (b) and Alu PV92 (c), using DNA from different ethnic origins; (A)
Caucasian individual, male (LNCaP); and (B) an Asian individual, male (CCD-11 Lu). The
separation conditions were the same as those listed in Figure 2.2.

These observations of homozygous for the absence (-/-) of the Alu insertion are
shown by the electropherogram results depicted in Figure 2.6 for traces labeled (a)
and (b). Similar results were obtained for all other cell lines when tested with A1 and
RC5 markers (see Table 2.2). The results indicated that the ethnic origin of the DNA
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tested was not African, which was correct, because the LNCaP cell line was derived
from a Caucasian male, and CCD-11 Lu was from an Asian male (see Table 2.2).
Both HeLa and HEL 299 DNA samples were of African-American origin (see
Table 2.2), however, the A1 locus did not show a heterozygous (-/+) genotype as
indicated by the presence of two PCR products (384 and 710 bases) indicating
homozygous for the presence (+/+) of the Alu and also a 710 base product (refer to
Table 2.1 for filled and empty PCR product sizes). Similar, results for RC5 in which
neither the heterozygous (-/+) genotype (presence of 160 and 460 base PCR
products) nor homozygous for the presence (+/+) genotype (one product, 460 base)
in both HeLa and HEL 299 DNA samples were observed. A summary of the results
of the genetic profiles from typing these three polymorphic loci for all five cell lines
using PCR-µCE are shown in Table 2.2. The presence of a particular genotype was
indicated by a score of 1 and the absence of that genotype was assigned a score of
0.
It may seem unexpected that DNA of African ancestry (HEL299 and HeLa cell
lines) did not show the presence of Alu insertions at the A1 and RC5 loci. It is
important to note that although A1 and RC5 were shown by Cordaux et al.
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to be

most frequent in individuals with African ancestry and lacking in non-Africans, these
two loci were found at <25% frequencies within the African population. Without
additional markers, certainty concerning the assignment of a DNA sample to
ethnicity cannot be made.41 However, it is important to point out that the presence of
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inserted Alu elements in both A1 and RC5 markers would strongly suggest African
ancestry.
Table 2.2 Ethnicity information secured using polymorphic Alu profiles from different cell lines.
The numbers given in each table cell indicate the presence (1) or absence (0) of an Alu element.
(+/+ ) - Alu element is present on both chromosomes (homozygous). (+/-) - Alu element is
present on one chromosome location only (heterozygous). (-/-) - Alu element is absent on both
chromosomal locations (homozygous).

Cell Line

A1
-/- +/+ +/- -/1 0 0 1
1 0 0 1
1 0 0 1

Alu Element
PV 92
+/+ +/- -/0 0 1
0 0 1
0 1 0

+/+
0
0
0

TPA
+/1
1
0

-/0
0
1

Gender

LNCaP
MCF-7
HEL299

+/+
0
0
0

RC5
+/0
0
0

+/+
0
0
0

ACE
+/1
0
1

-/0
1
0

M
F
M

HeLa

0

0

1 0

0

1

0

0

1

0

1

0

1

0

0

F

CCD-11 Lu 0

0

1 0

0

1

0

1

0

0

1

0

0

0

1

M

a

Ethnicity

White
White
Black
African
American
Asian

a

The ethnicities indicated are obtained from ATCC (Manassas, VA).

In Figure 2.6A are presented electropherograms for the separation of amplicons
generated for DNA secured from the LNCaP cell line, which represents a Caucasian
male, and in Figure 2.6B are shown data for the CCD-11 Lu cell line derived from an
Asian male. For the Caucasian DNA sample, when probing the PV92 Alu element, a
129 base amplicon was observed. The presence of a single 129 base product
indicated the lack of an Alu insertion on both chromosomes at the PV92 locus
(homozygous for absence (-/-). Similar results, indicating homozygous for the lack of
an insertion, were obtained for MCF-7 (Caucasian female) and HeLa (African
American female) cell lines. The PV92 element is most often found in Amerindians
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and East Asians, therefore, results for our samples inferred correctly that neither
sample were of these origins.
Figure 2.6B presents electrophoretic data for the separation of PCR products
generated for Asian male DNA from the CCD-11 Lu cell line. The data in trace (a) for
Alu PV92 showed the presence of 2 amplicons with sizes of 129 and 443 bases, and
indicated that the Alu element had been inserted at one chromosomal location to
yield the 443 base amplicon while the other chromosomal location was empty
yielding a 129 base product. This sample could be described as DNA of a person of
Amerindian or East Asian origin, which would be correct.43 Although PV92 are
mostly found in the aforementioned populations, it is also found at lower frequencies
in other populations as well. For example, 2 amplicons with sizes of 129 and 443
bases were obtained for the HEL 299 cell line, demonstrating heterozygocity (+/-) at
the PV92 locus (data score 1 in Table 2.2 ).
Using TPA and ACE loci, 3 (LNCaP, HEL 299, and HeLa) out of 5 DNA samples
showed different DNA profiles (see Table 2.2), however, a combination of A1, RC5
and PV92 with TPA and ACE provided unique DNA profiles for all five samples (see
Table 2.2). When testing for TPA, all samples showed the presence of 2 amplicons,
260 and 570 bases, with the exception of HEL 299, which showed the absence of an
insertion indicated by only one 260 base product. Alu ACE showed heterozygocity in
2 samples (LNCaP and HEL 299) as indicated by the 190 and 490 base products.
Homozygocity for the presence of the Alu element at this site was indicated by a 490
base amplicon and found only in the HeLa sample, while homozygocity for the
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absence of the Alu element indicated by a 190 base product was shown for MCF-7
and CCD-11 Lu as summarized in Table 2.2.
2.4

Conclusions
This study has shown that Alu elements can be utilized for sex and ethnic

determinations using a PCR/µCE assay that in many cases, can supplement the
information obtained from STR-type markers. Unlike the Amelogenin locus, where
deletion in the AMEL Y region can lead to wrong gender assignment in forensic
investigations, Alu insertions are fixed on non-recombining X and Y chromosomes
and are reliable for sex typing. Further, our studies have shown that AluSTXa and
AluSTYa can be reliable for the determination of male involvement in assault cases
when minute amounts of male DNA are present in a large background of female
DNA without requiring the separation of male from female cells.
We have used µCE with LIF detection for the high resolution separation and
ultra-sensitive analysis of mixed samples containing male and female DNA. Male
genomic DNA was tested in the presence of an excess of female DNA and balanced
peaks were observed in the electrophoretic traces even at a male-to-female DNA
ratio of 1:9 corresponding to a chromosome Y:X ratio of 1:19 with a male DNA input
of 600 copies/µl. For multiplexed PCRs involving both AluSTXa and AluSTYa, it was
normally difficult to resolve the 528 and 556 base products using 2% agarose slab
gel electrophoresis even after a 45 min separation time. However, the resolution
value obtained with µCE for bases 528 and 556 was 2.1 with a separation time of
less than 15 min for all Alu PCR products using electric field strength of 130 V/cm.
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This study has shown that Alu markers can be used to provide information not
accessible via STR. For example, the inference of ethnic origin of human DNA
samples cannot in many cases be determined from STRs alone. Alu markers can be
utilized for the simultaneous determination of both gender and ethnicity from human
DNA samples. The results obtained from the five Alu markers used in this work
demonstrated that Alu insertion polymorphisms can assist in human ethnicity
identification. In addition, the high copy number of these insertions per genome will
provide the ability to secure these results from samples containing small amounts of
DNA. Because Alu insertions are primate specific, as shown by Batzer and
Deininger
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, non-human DNA does not amplify, therefore, Alu typing would be

advantageous in the analysis of real world samples where contamination from nonhuman subjects is anticipated. The DNA extraction from model samples (i.e., cell
lines) utilized in this work adheres to similar DNA extraction protocols that are
typically used on real samples, such as, cheek cells (from buccal swab) obtained
from suspects or blood stains found at the crime scene. We analyzed mixed
samples in which male DNA in the presence of large amounts of female DNA was
detected, which suggest that there is no need to separate male and female DNA in
forensic casework (e.g. assault cases).Therefore, we believe that our method can be
employed in forensic casework to yield reproducible results in the analysis of real
world samples. The use of µCE provided the ability to sort the multiplexed PCR
products quickly (<15 min) and with high resolution. The use of µCE along with the
inclusion of sample pre-processing steps onto the chip will provide an autonomous
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system for Alu typing with short assay turn-around times by integrating the µCE with
solid-phase purification of cell lysed samples and the subsequent PCR amplification
of the purified DNA.
2.5
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CHAPTER 3. INTEGRATED CONTINUOUS FLOW POLYMERASE CHAIN
REACTION AND MICRO-CAPILLARY ELECTROPHORESIS (CFPCR-µCE)
SYSTEM WITH BIOAFFINITY PRECONCENTRATION
3.1

Introduction
The progress of research in the area of lab-on-a-chip technologies for genetic

analyses has led to efforts toward process integration, including the coupling of
polymerase chain reaction (PCRs) devices with micro-capillary electrophoresis
(µCE) devices.1-3 These technology innovations have led to the development of fully
integrated microfluidic systems that perform multiple steps of complex biological
assays to provide significant advantages in terms of minimizing sample/reagent
consumption, contamination, analysis time, and providing automation that allows for
the expansion of genetic analyses to a broader user pool.2, 4
Many of the reported systems employed batch-type PCR devices that consisted
of a chamber containing the PCR reagents and templates and were cycled between
the set temperatures required for the PCR. Unfortunately, this format typically
employs devices with large thermal masses resulting in high power requirements
and slow heating and cooling rates that limit the speed and efficiency of the
amplification. In PCR, the rate limiting step should be dNTP incorporation by a
polymerase enzyme. Investigators have shown that Taq DNA polymerase has an
extension rate of 60–100 nucleotides s−1 at 72ºC.5 Therefore, a 500 bp amplicon
should be generated in approximately 100 s (i.e., 20 PCR thermal cycles) if the
reaction was limited by the polymerase enzyme kinetics only. Unfortunately, most
batch-type PCR reactors have turnaround times >1.5 h.
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For continuous flow polymerase chain reactors (CFPCR), the sample is
continuously transitioned through isothermal zones where the processes of
denaturation, annealing and extension take place as opposed to the heating and
cooling of a static sample as typically done in batch-type PCR devices.1,

6-8

This

approach allows for significantly shorter thermal cycling times because the smallvolume fluid packets can be heated or cooled to the required temperatures almost
instantaneously. Soper and colleagues8 have developed a spiral microchannel with
20 loops hot-embossed into polycarbonate (PC) for ultra-fast PCR; successful PCRs
using a CFPCR device were demonstrated using a flow velocity of 15 mm/s resulting
in the successful amplification of a 500-bp fragment from λ-DNA in 1.7 min at a
cycling rate of 5 s/cycle with the reaction time determined primarily by enzyme
kinetics.8
Hong et al.9 also successfully used this 20-loop spiral polymer-based (PC)
continuous flow thermal cycler (CFTC) for Sanger cycle sequencing using dye
terminator chemistry and achieved average read lengths of 682 and 609 bp at 1 and
4 mm/s linear velocity, respectively. In that work, the authors coupled CFTC to solidphase reversible immobilization (SPRI) for the purification of the DNA sequencing
ladders prior to capillary gel electrophoresis.9
However, there are issues encountered in CFPCR formats including Taylor
dispersion, reagent/wall interactions that can deactivate biological entities, crosscontamination and the need for substantial volumes of reagents and relatively long
channel lengths when high thermal cycle numbers are required.10 A procedure to
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overcome some of the aforementioned issues associated with CF-microﬂuidics is
through the adoption of segmented ﬂows, in which reagents of interest are
compartmentalized within picolitre–nanolitre sized droplets that reside within a
continuous and immiscible ﬂuid.11 Although, this concept has gained popularity,
droplet sorting remains a challenging operation, which can be achieved using
dielectrophoretic actuation12 or piezoelectric actuation.13 However, the complexity of
these processes is compounded by the need to implement droplet analysis prior to
the sorting operation.11
Integrated microfluidic systems consist of the combination of microfabricated
devices,14-16 such as micro-scale separators,17, 18 chemical reactors,19, 20 microvalves
and pumps,21,

22

and various detection schemes.23-25 An integration challenge is

interfacing PCR amplifiers with µCE separators due to the need to transfer the
sample into a µCE channel via electrokinetics from a hydrodynamic flow required for
the PCR in most cases. In addition, the µCE injection process typically uses a crossT injector with the sample injected through this cross-T-injector using electricallyactuated flow. The major limitations associated with this electrokinetic injection
scheme include: (1) It is biased toward smaller DNA fragments that possess higher
electrophoretic mobilities. Therefore, because the unpurified PCR products typically
contain high concentrations of salt and an excess of unreacted primers, this can lead
to long loading times. (2) The actual injected sample volume is much smaller than
the PCR reactor volume (<1%), which can impose unavoidable challenges on the
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sensitivity, limit-of-detection and level of quantitation for the genetic-based
analysis.26, 27
To overcome the aforementioned issues, several different injection methods for
µCE have been suggested such as base mediated stacking,28 gated injection,29 field
amplified sample injection30 a staggered T configuration31 field-amplified sample
injection30 or pressure-driven injection.3,

32

For instance, Jung and co-workers33

developed a porous polymer plug in a microchannel to create a high-conductivity
buffer zone to enrich fluorescent analytes 1,000-fold using field-amplified sample
stacking. The same group developed µCE chips coupled with isotachophoresis,
which could enrich Alexa Fluor 488 nearly two million-fold34 and reported

a

detection limit of ~100 aM.35 However, it is difficult to find suitable leading and
terminating electrolytes for isotachophoresis.36 On-chip sample injection techniques
for preconcentration prior to µCE (stacking and sweeping methods) have been
reviewed extensively.37
In order to meet the demands for efficient sample loading required for highly
sensitive and quantitative analysis, extraction-based techniques, such as membrane
filtration,38,

39

solid-phase extraction, SPE,40,

bioafﬁnity sample puriﬁcation43,

44

41

liquid-liquid extraction,42 and

methods have also been developed and can

potentially offer a more scalable platform for efficient sample utilization by the µCE
phase of the assay. For example, Mathies et al.43 developed a bioaffinity purification
and preconcentration method based on the gel immobilization of oligonucleotides for
nucleic acids, which coupled the size selectivity of a polyacrylamide matrix with the
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sequence specificity of hybridization.45 This group used an oligonucleotide capture
matrix to immobilize and preconcentrate only extension products produced from a
Sanger-chain terminating DNA sequencing reaction with high selectivity,43 which
used a photopolymerized streptavidin-gel that was interfaced directly to the injector
of a µCE column. Although they achieved ~19 fold higher ﬂuorescence signals using
this gel matrix,46 complex lithographic patterning approaches were required to create
small, spatially defined affinity gels. In addition, the affinity gel required meticulous
manual manipulation due to the fact that the gels tended to move during operation
due to temperature effects necessary for the thermal release of the selected
products.
In this work, we developed an integrated DNA modular analysis system that
consisted of two modules: (1) A CFPCR module fabricated in a high Tg (150 ºC)
substrate (PC), in which the sample was continuously transitioned through
isothermal zones as opposed to the heating and cooling of large thermal masses
typically done in batch-type thermal reactors. (2) µCE module fabricated in PMMA,
which also contained a bioaffinity capture and purification bed to preconcentrate the
products generated from the CFPCR module. To preconcentrate and purify the
CFPCR products on-chip, biotinylated amplicons were selected through the use of a
solid phase decorated with streptavidin molecules immobilized onto the surface of
an array of microposts, also fabricated in PMMA. This capture process
demonstrated high selectivity for biotinylated amplicons and utilized the strong
streptavidin/biotin interaction (Kd = 10-15 M) to generate high recovery. PC was used
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for the CFPCR because of its excellent thermal properties (Tg ≈ 150 ºC) required for
the PCR while thermal management structures were also included and designed
based on simulation data to optimize performance.47 The design reported herein
used 40-cycles in the CFPCR module for the amplification of a target sequence from
human gDNA. The uCE module was made from PMMA due to its propensity to show
minimal amounts of non-specific adsorption of DNAs to its surface and its welldocumented low autofluorescence levels, permitting highly sensitive fluorescence
detection when using LIF.48-50 Sample manipulation and preconcentration was
assisted during the SPE affinity selection process by using a highly viscous sieving
matrix, which also acted as a passive valve and prevented any hydrodynamic flow
into the µCE column. The selected PCR products were thermally denatured and
released into free solution for direct electrokinetic injection into the µCE column for
sized-based separation. The CFPCR-µCE interface, affinity capture, injection, and
separation were demonstrated for the analysis of PCR amplicons generated from
Alu DNA repeat elements utilized for gender and ethnicity determinations.51-53
3.2

Experimental

3.2.1 Fabrication of Microchip Modules
A brass molding tool with 40 spiral channels for the CFPCR PC module was
fabricated

using

a

micro-milling

machine

(Kern

MMP,

Kern

Micro-

and

Feinwerktechnik, Murnau-Westried, Germany). The molding tool was used to hot
emboss structures using a commercial hot-embossing system (HEX 02, JenOptik
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Mikrotechnik, Jena, Germany) on 3 mm thick PC substrates (Goodfellow, UK). The
spiral microchannels were 90 µm wide and 150 µm deep with two reservoirs (1.0
mm diameter) at each terminus. Thin PC sheets, 0.5 mm thick, were used to enclose
the microchannels by thermal fusion bonding. Prior to enclosure, the PC substrate
was cleaned using isopropyl alcohol followed by sonication in ddH2O for debris
removal, then dried in an oven at 70 ºC for 30 min. The PC substrate and cover plate
were sandwiched between two borosilicate glass plates (McMaster, GA) and
clamped together prior to insertion into a convection oven. The thermal bonding of
the PC module assembly was done at 150 ºC for 30 min.
Thermal isolation grooves separating the three temperature zones were micromilled (Kern MMP, Kern Micro- and Feinwerktechnik, Murnau-Westried, Germany)
on the back side of these chips. The groove width was 1 mm and the depth was 2
mm leaving 1.5 mm of PC substrate and cover plate to maintain the stiffness of the
CFPCR chip (see Fig. 3.3.1a).47 PEEK tubing of 3 cm length and 100 µm ID
(Hamilton, Reno, NV) were attached and sealed to the input and output ports of the
CFPCR modules with an epoxy adhesive. The CFPCR module provided the ability to
perform 40 thermal cycles (40 loops) that possessed a 2.8 m total length reactor
channel with an average loop length of 7.1 cm and total reactor volume equal to 37.8
µL.
The PMMA µCE with solid-phase extractor (SPE) module was hot embossed via
micro-replication from a brass mold master, which consisted of an SPE bed and a 7
cm long separation channel that was 50 µm wide by 80 µm deep. The SPE bed was
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1,500 µm (width) x 100 µm (depth) x 240 mm (length) and was populated with a total
of 3,612 microposts with an aspect ratio equal to 2 (50 µm in diameter x 100 µm in
height) giving a surface area of 116.9 mm2 with a 2.9 µL volume (see Fig. 3.3.1b).
The high pressure drop (~1.03 × 10-1 psi) in the small channel (50 µm depth)
labeled e-f connecting the SPE bed and the separation channel served as a passive
valve and increased the pressure drop together with the 5 % LPA (~6.6 MDa
molecular weight) filling the separation channel (see Fig. 3.1b). The large channel
depth (200 µm) leading to the SPE bed was selected to reduce its pressure drop (~2
×10-3 psi) for high-volume flow rates and also, to increase sample processing
throughput.
Sample reservoirs and interconnecting holes were drilled prior to cleaning each
PMMA module. Appropriately cleaned PMMA modules and cover plates were
exposed through an aluminum mask at 254-nm UV light with a power density of 15
mW cm-2 for 20 min resulting in the formation of carboxylate moieties only in the
exposed areas of the PMMA.54 The exposed areas were restricted to only the
capture bed that housed the microposts. The UV–modified modules were then
assembled by thermal bonding a 250 µm PMMA cover plate to the 500 µm thick
substrate. The cover plate and substrate were then clamped together between two
borosilicate glass plates and placed in a convection oven (HAFO1600, Watlow,
Bloomington, MN) for ~20 min at 105 ºC and 107 ºC for UV-modified and UVunmodified µCE modules, respectively.
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3.2.2 Coupling the CFPCR Module to the µCE Module
A schematic of the integrated modular microfluidic system is depicted in Figure
3.1d. The system was operated using a single syringe pump (PHD 2000, Harvard
Apparatus, Holliston, MA) fitted with a 100-µL glass syringe (SGE International Pty.
Ltd.) to pump the PCR cocktail through the CFPCR module and through the SPE
bed of the µCE module. The PEEK tubing connected the syringe to the receiving
reservoirs of the modules while the syringe was connected to the PEEK tubing via
low dead volume leur-to-peek adapters (P/N 3-2302S, Innova Quartz Inc.). The
distal end of the PEEK tubing was glued into a reservoir of the CFPCR or µCE
module with an epoxy adhesive. A microTight PEEK union (P-772, Upchurch
Scientific) was used to connect the PEEK tubing glued on the exit of the CFPCR
module to the PEEK tubing attached to the reservoir of the channel leading to the
SPE bed (see Fig. 3.1d). This union prevented misalignment and added only 5 nL of
unswept volume with its 150 µm through-hole. The calculated unswept volume in the
PEEK tubing (3 cm total length) interconnected with the microTight union was ~0.24
µL.
The syringe pump described above was used to pump ~10 µL of 1x TTE buffer
through the SPE bed of the µCE module during the washing step. The µCE module
containing the purified PCR amplicons was placed on an in-house built laserinduced fluorescence (LIF) detector.
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Figure 3.1 CFPCR module fabricated on a PC substrate possessing three isothermal zones
isolated by thermal grooves (dotted lines) and the SEM images of various sections of the brass
mold (a). PMMA µCE module (b) showing the capture bed that was 150 µm (wide) x 100 µm
(deep) x 240 mm (length) populated with a total of 3612 posts of aspect ratio (AR) = 2; 50 µm (
diameter) x 100 µm (height) and 50 µm spacing giving a surface area of 116.9 mm2 with a 2.9
µL reactor volume. Micrograph showing the microposts of the capture bed (c). The channel CD
is the 7 cm long separation channel 50 µm (wide) by 80 µm (deep) connected to the capture
bed by the passive valve channel labeled e-f which is 50 µm (wide) by 80 µm (deep). Three
injectors labeled B (1, 2, and 3) were offset from intersection at f by 500, 1000 & 1500 µm which
corresponds to 4, 8 and 12 nL of the injector volume, respectively. (d) Picture of the integrated
CFPCR-µCE modular system.
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3.2.3 Streptavidin Immobilization
Streptavidin-biotin binding is known to demonstrate a large affinity constant,
making it a logical choice for selecting biotinylated products with high recoveries
(~1015M -1).55-58 Streptavidin (Pierce, Rockford, IL US) immobilization was carried out
as shown in Scheme 3.1.

Scheme 3.1 Assay overview for the microchip surface modification, streptavidin immobilization,
bioaffinity capture and thermal release (at 85 ºC) adopted for the preconcentration and µCE
signal enhancement of CFPCR products generated from human gDNA. The denatured ssDNA
were injected into the µCE module for separation in a 5% LPA.

Briefly, the SPE bed was filled with a solution containing 4 mg/mL of 1-ethyl-3-(3dimethylaminopropyl)carbodiimide

hydrochloride
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(EDC),

6

mg/mL

N-

hydroxysuccinimide (NHS) in 0.1 M MES buffer (pH 4.5) for 2 h at room temperature
to obtain a succinimidyl ester intermediate.
After this incubation, the SPE bed was cleaned with PBS (50 mM) to remove
excess EDC/NHS solution. Then, an aliquot of 1 mg/mL of a streptavidin solution
contained in 50 mM PBS (pH 7.4) was introduced into the PMMA module and
allowed to react overnight at 4 ºC. The module was then rinsed with a solution of 50
mM PBS (pH 7.4) to remove any unbound streptavidin. Prior to use, the µCE
separation channel was coated with 0.05% w/v methyl hydroxyethyl cellulose,
MHEC (Fluka BioChemika, Switzerland), dissolved in 1x TTE buffer and used to
suppress the electro-osmotic flow (EOF). Then, the µCE channel was filled with 5%
LPA while the remainder of the module contained 1x TTE buffer.
3.2.4 CFPCRs
The DNA templates used were extracted from LNCaP (ATCC-CRL1740), MCF-7
(ATCC-HTB22), and CCD-11Lu (ATCC-CCL202) cell lines obtained from ATCC
(Manassas, VA, USA). The primer sequences used in this study were previously
designed for human gender and ethnicity determinations using Alu repeat elements
as the biomarkers for these determinations.51 The AluSTYa primers probe for Alu
insertions in the Y-chromosome and generate 199 bp and 528 bp amplicons from
male DNA and a 199 bp amplicon from female DNA.59 The AluPV92 probes Alu
insertions in chromosome 16 and are frequently found in Amerindians53 and East
Asians.52 The forward primers were biotinylated at their 5’ end and the reverse
primers were covalently labeled with Cy3 (λex = 548, λem = 570 nm). The AluSTYa
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and AluPV92 forward primer sequences were 5′-ATGTATTTGATGGGGATAGAGG3′ and 5′-AACTGGGAAAATTTGAAGAGAAAGT-3′, respectively. The reverse primer
sequences were 5′-CCTTTTCATCCAACTACCACTGA-3′ for AluSTYa and 5′TGAGTTCTCAACTCCTGTGTGTTAG-3′

for

AluPV92

(Integrated

DNA

Technologies, Coralville, IA).
The PCR cocktail contained 10 mM Tris–HCl (pH 8.3), 1.5 mM MgCl2, 50 mM
KCl (USB, Cleveland, OH), and 200 µM of each deoxynucleotide (New England
Biolabs, Ipswich, MA). The template used for the PCR was 5 ng/µL, the forward and
reverse primers were 0.2 and 0.15 µM, respectively, bovine serum albumin (BSA)
was 0.5 µg/µL, and the Taq DNA Polymerase was 0.1 units/µL (USB, Cleveland,
OH). This PCR cocktail was subjected to thermal cycling using a bench top thermal
cycler to validate the specificity of the PCR products generated and as a reference
for the CFPCR results (Eppendorf Thermal Cycler, Brinkman Instrument, Westbury,
NY, USA). The cycling conditions were 2.5 min at 94 ºC for initial denaturation, and
40 cycles consisting of denaturation for 30 s at 94 ºC, annealing for 50 s at 59 ºC,
and extension for 1 min at 72 ºC with a final extension for 7 min at 72 ºC. A syringe
pump (Harvard 22, Harvard Apparatus, Holliston, MA) was used to drive the PCR
mixture through the CFPCR module and into the µCE module. A glass syringe
(Hamilton, Reno, NV) with a syringe-to-capillary adapter was used to make the
connection between the pump and the CFPCR module. Temperatures were
maintained during operation using electrical resistance heaters (KHLV-101/10,
Omega Engineering, Inc., Stamford, CT) under closed-loop PID control (CN77R340,
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Omega Engineering, Inc., Stamford, CT). Temperature feedback was supplied using
Type K thermocouples (5TC-TT-K-36-36, Omega Engineering, Inc., Stamford, CT)
mounted between the cover plate and heaters. Prior to CFPCR, a dynamic coating
was applied to the microchannels of the module by pumping 50 µL of a 0.5 µg/mL
BSA solution at 0.5 mm/s linear velocity through the module to prevent non-specific
adsorption of the PCR reagents to the channel walls.8 Then, the PCR cocktail was
introduced at the appropriate volumetric flow rate to produce the desired linear
velocity in the PCR reactor microchannel. The outlet of the CFPCR module was
connected to the inlet of the µCE module containing the streptavidin-activated SPE
bed. The µCE module was washed with 10 -15 µL of 1x TTE buffer and then, the
SPE-affinity selected PCR products were thermally released at 85 ºC followed by
electrophoresis with LIF detection.
3.2.5 Laser-Induced Fluorescence (LIF) Detector
Following electrophoresis, the Cy3-labeled DNA fragments were analyzed with
an LIF detector constructed in-house. Briefly, the epi-illumination setup consisted of
a 10 mW, 532 nm Nd:YAG laser (Stocker Yale Canada Inc., Quebec, Canada), a
532 nm dichroic filter (550DRLP, Omega Optical, Brattleboro, VT), a 40X high
numerical aperture (NA = 0.85) microscope objective (Nikon, Natick, MA) and a 1
mm pinhole (National Aperture, Saleh, NH). Before directing the laser beam onto
the dichroic filter, it was passed through an attenuator to set the power to 2 mW. The
laser beam was then focused onto the electrophoresis microchannel using the
microscope objective with the fluorescence signal collected by the same objective
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and passed through the dichroic filter and pinhole. After the pinhole, the
fluorescence was spectrally isolated using an edge filter (XF3085, Omega Optical,
Brattleboro, VT) and subsequently collimated with an achromatic lens (Rolyn Optics,
Covina, CA) and focused onto an H5784 PMT (Hamamatsu, Bridgewater, NJ). The
fluorescence signals were acquired on a personal computer equipped with a PCI6014 analog input card (National Instruments Corp., Austin, TX) and a pulse
converter (IBH model TB-01, Glasgow, UK). Data acquisition software was written in
LabView.
3.2.6 Video Microscopy
To visualize the separation and band compression processes of the CFPCR
products, the µCE module was fixed onto a programmable motorized stage of an
inverted microscope (Axiovert 200 M, Carl Zeiss, Thornwood, NY) and illuminated by
a Xe arc lamp to excite a buffer loaded with FAM-labeled PCR products obtained
from the CFPCR module. A filter set (λex = 450-490 nm, λem = 515-565 nm, Carl
Zeiss) was used for fluorescence imaging. To minimize photobleaching during the
fluorescence microscopic imaging, 4% v/v

-mercaptoethanol was added to a 1x

TTE buffer. Video images were acquired using an electron multiplying CCD
(PhotonMax 512B, Princeton Instruments, Trenton, NJ) at a rate of 20 frames/s.
Individual frames were extracted from the videos using Winspec 32 software
(Princeton Instruments, Trenton, NJ).
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3.3

Results and Discussions

3.3.1 Electrophoretic Analysis
The CFPCR and µCE modules utilized in this work are shown in Figures 3.1(a)
and 3.1(b), respectively. A picture of the integrated modular microfluidic system is
depicted in Figure 3.1d. The operational challenge in this system is the ability to
couple the hydrodynamic actuated flow used to pump reagents through the CFPCR
module with the electrokinetics required for the µCE and assuring that the gel
column remains intact during the high pressure operation required for the CFPCR.
The pressure drop in the µCE module conduits was calculated using, ∆s = 9.849 ×
10z μFL⁄Uℎ= where ∆P is the pressure drop (psi), µ is the dynamic viscosity in
centipoise, F is the volume flow rate (µL/min), L is the length of the conduit (cm), and
Dh is the hydraulic diameter (cm). The pressure drop (F =1 µL/min) in the channel
labeled e-f for the µCE module (see Fig. 3.3.1b) was 2 orders (~1.03 × 10-1 psi) of
magnitude higher than the pressure drop in the SPE affinity bed, which was
calculated to be ~2 × 10-3 psi (see Fig. 3.3.1b). Filling the separation channel C-D
with a 5% LPA sieving gel resulted in this much higher pressure drop. Thus, this
large pressure drop differential directed the flow emanating from the CFPCR module
into the SPE affinity bed and not into the separation column, therefore acting as a
passive valving component.
The affinity preconcentration process of the biotinylated PCR products was first
evaluated with the results shown in Fig. 3.2 (a-f). Only the biotinylated amplicons
were found to be affinity selected due to the high specificity of streptavidin for biotin
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and the minimal amounts of non-specific adsorption demonstrated by PMMA (see
Fig. 3.2a and 2b). After a buffer wash, the affinity SPE bed was heated to denature
the CFPCR amplicon causing the release of single stranded DNAs. Fig. 3.2c shows
the first 50 s of the thermal release process at 85 ºC; after 60 s, all of the
fluorescently-labeled single stranded DNAs were completely released (see Fig.
3.2d). Heating to 85 ºC for 4 min was found to be an optimal temperature and time to
completely thermally denature the dsDNA. For comparison, a pristine capture bed
(i.e., no streptavidin present) was evaluated as well and is shown in Figure 3.2(e-f).
Figure 3.2(e) shows that nonspecific adsorption onto the pristine PMMA SPE bed
was negligible and following a 1x TTE buffer wash, no amplicons were retained (see
Fig. 3.2f).

Figure 3.2 Micrographs showing the capture (a-b) and thermal release (c-d) of biotinylated
amplicons from a streptavidin modified affinity bed and from a pristine capture bed (e-f). The
biotinylated amplicons were captured in (a) and after a buffer wash in (b), only the biotinylated
amplicons were retained. The affinity bed was heated to 85 ºC to denature and release the
amplicons from the affinity bed. The thermal release process is shown at 85 ºC for the first 50 s
in (c) and after 60 s in (d). No unspecific adsorption was observed on an unmodified affinity bed
as shown in (e) confirmed by the absence of retained amplicons after the buffer washing step in
(f).
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The maximum DNA load for this affinity bed was determined to be 114 ±7 ng and
was based on the available surface area of this bed and cross-sectional area of
streptavidin molecules.
For an offset-T injection procedure, the injection volume is defined by the
dimensions of the offset-T injector. Using the offset-T injector to define the injection
volume, CFPCR amplicons were injected for 50 s from the SPE bed that was filled
hydrodynamically directly from the output of the CFPCR module by placing the
cathode in reservoir (A) and the anode in reservoir (B) (see Fig. 3.1a), followed by
switching the voltage to 150 V/cm in channel (C-D) for the electrophoretic separation
(see Fig. 3.1b). In this case, the SPE bed did not contain the streptavidin affinity
probe and served only as a holding channel for the output of the CFPCR to allow
electrokinetic injection. To create a well-defined injection plug and to prevent
leakage of sample into the separation channel, pull-back voltages were applied as
well.60 An optimal pull-back voltage (10-15% of the applied voltage used for the
electrophoretic separation) was applied during the separation stage immediately
after injection of a 500 µm plug (defined by the offset T-injector dimensions) in order
to minimize peak tailing. Clearly, the electropherogram contained a large peak due
to the unreacted Cy3-labeled primer at 1.7 min (see Fig. 3.3a). This intense excess
primer peak can mask CFPCR amplicons of similar base numbers making it difficult
to either identify them or secure quantitative information. In addition, Taylor
dispersion typically seen in CFPCR formats provide peaks of low intensity in spite of
the fact that in the present case, 40 CFPCR thermal cycles were carried out.
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To address the aforementioned issues, the output from the CFPCR module was
directed hydrodynamically into the SPE bed for preconcentration and purification
(i.e., removal of excess primer) by decorating the micropillars with the streptavidin
affinity probe and allowing the biotinylated amplicons to associate to these surface
tethered reagents. Following collection of the biotinylated CFPCR products, 10 µL of
1x TTE buffer was pumped through the affinity bed and aspirated to wash out any
excess primers and other reagents. Then, the affinity bed was filled with 1x TTE
buffer followed by heating for 4 min at 85 ºC to denature the double stranded
amplicons releasing Cy3-labeled single stranded DNA (ssDNA) into solution. For
injection of the released ssDNAs that were fluorescently labeled, the cathode was
placed in reservoir (A) and the anode was placed in reservoir (D). A separation
voltage of 150 V/cm was then applied subsequently injecting the surface-released
ssDNA into the 5% LPA filled separation channel, which we coined as direct
injection.
From the electropherogram depicted in Fig. 3.3c, the two peaks at 199 and 528
bp along with the absence of the excess primer peak were indicative of successful
CFPCR, affinity selection and preconcentration of the biotinylated DNAs with direct
injection following thermal melting of the duplexed amplicons. The two CFPCR
amplicons are a result of male DNA typing previously demonstrated using AluSTYa
primers and DNA template from LNCaP cell lines.51 The 199 and 528 bp peaks
resulting from the offset-T injection of the unpurified CFPCR amplicons (see Fig.
3.3a) were found to be significantly weaker than those seen for the direct injection of
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products from the SPE bed, which showed an approximate 17- and 40-fold
enhancement in signal intensity for the same 199 and 528 bp fragments,
respectively. The 528 nt fragment had a lower mobility in the 5% LPA gel and
therefore, a greater mobility mismatch at the buffer/5% LPA gel interface compared
to the 199 nt fragment, which lead to a larger enhancement factor.
The separation efficiency for the 528 bp was 1.9 × 104 plates/m for the offset-T
injection format (see Fig. 3.3a) and 1.6 × 104 plates/m for the direct injection format
(see Figure 3.3c). However, the resolution between the two peaks was 15.2 and
15.5 for the offset-T injection and direct injection, respectively. The increased
resolution is attributed to sorting ssDNA for direct injection verses dsDNA in the
offset-T injection mode providing better selectivity in the case of ssDNAs (S=0.49)
compared to the dsDNAs (S=0.44) in this particular gel matrix (see Figure 3b).The
selectivity (S) was determined using, ~ = ∆μ⁄μ , where ∆μ difference in mobility
and µav is the average mobility while the respective resolution, (Rs) was calculated
using, 9 = (∆μ⁄μ )(√⁄4),

where N is the number of theoretical plates. The

strategy of using streptavidin affinity agent immobilized on the capture bed allows for
purification and preconcentration of biotinylated PCR products from complex input
solutions containing unreacted primers and high salt contents, which consequently
enables higher sample loading capacity and eliminates Taylor dispersion of PCR
products due to parabolic ﬂow 10 often encountered in the CFPCR.

131

Figure 3.3 Comparison of electropherograms showing the µCE results of CFPCR generated
amplicons for male DNA (LNCaP cell line): (a) injected via an offset-T injector without affinity
capture preconcentration (Einj = 375 V/cm, Esep= 150 V/cm), (b) injected via an offset-T injector
with affinity capture preconcentration (Einj = 375 V/cm, Esep= 150 V/cm, capture bed temperature
was 85 ºC) and (c) signal enhancement from the integrated CFPCR-µCE system via continuous
injection from the affinity capture bed (Esep= 150 V/cm, capture bed temperature =85 ºC). The
sieving matrix used for these experiments was 5% LPA containing 0.05 % MHEC in 1x TTE
buffer. The insert (in Fig. 3.3a-b) shows the magnified scaled plots for the offset-T injector.
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3.3.2 Electrophoresis at the Buffer/Gel Interface
Prior to direct injection into the µCE device, the CFPCR products were
hydrodynamically collected within the affinity bed followed by 10 µL of a 1x TTE
buffer wash and then filling the capture bed with fresh 1x TTE buffer. Specifically,
direct injection involved the thermal release of a single-strand at 85 ºC of the CFPCR
products followed by electrokinetic manipulation of the released CFPCR products
into the 5% LPA sieving matrix. At the optimized temperature of 85 ºC for 4 min, all
CFPCR products in the form of dsDNA fragments were thermally denatured
producing Cy3-labeled ssDNAs released into solution without the need for additional
denaturing reagents, such as 7M urea. To ensure that all ssDNAs were released
and injected into the µCE channel, heating was continued for an additional 1 min
during the electrophoretic process and then ceased to prevent buffer evaporation
from the reservoir (A) (see Fig. 3.3.1b). When DNA molecules migrated from the
release buffer into the gel, their electrophoretic mobility decreased precipitously at
the gel interface.

We observed that as the CFPCR amplicons electrophoresed

through the 5% LPA, their electrophoretic mobility was reduced from 8.98 ±0.17 ×104

in buffer to 1.34 ±0.26 ×10-4 cm2/V s in the 5% gel for the 500 bp fragment causing

band compression at the buffer/gel interface. This phenomenon is not unexpected
because in free solution, the DNA molecules migrate with a mobility that is
independent of size.61,

62

However, the mobility becomes dependent on molecular

mass in sieving gels (e.g. 5% LPA).
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To illustrate this phenomenon, FAM-labeled 23 bp oligonucleotides were injected
in a 1x TTE buffer filled section of the µCE module and video images were recorded
as the 23mer FAM-labeled oligonucleotides migrated into the 5% LPA filled section
of µCE module.

Figure 3.4 Fluorescence micrographs of 200 nM of 23-mer FAM labeled oligonucleotide being
electrokinetically driven from 1xTTE buffer to the 5% LPA gel. To image at the buffer/5% LPA
interface, the interface was formed downstream of the separation column and the DNA band was
tracked with minimal movement of the µCE module on the motorized stage (Esep=150 V/cm). At
the interface the mobility of 23-mer oligonucleotide FAM labeled oligonucleotide is reduced (a),
band intensity increases as the DNA migrate in the 5 % LPA down the separation column (Fig. b
and Fig. c).
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As shown in Figure 3.4(a), 200 nM FAM-labeled oligonucleotides released from
the affinity solid-phase and into the buffer while Figure 3.4(b) shows a micrograph of
the oligonucleotides at the buffer/5% LPA interface. Clearly at the interface, the
ssDNAs accumulate at this interface due to their higher electrophoretic mobility in
free solution than in the 5% LPA. As the oligonucleotides migrated further down the
5% LPA filled channel, further preconcentration was observed resulting in increased
band intensity as shown in Figure 3. 4 (c).
3.3.3 Limit of Detection Study
The sensitivity of the CFPCR-µCE system was evaluated using the Alu DNA
profile from serially diluted MCF-7 cells (10-750), which corresponded to 20-1500
DNA copies (where 1 diploid cell yields ~6 pg gDNA). Figure 3.5 shows the average
peak intensity of the Alu amplicon as a function of input DNA copy number that was
processed using the modular system. Complete profiles (100% profile in which all
peaks are visible) could be obtained from 150 template copies (~75 MCF-7 cells). As
the template concentration was decreased <50 DNA copies, imbalanced
amplification within two duplex reactions was observed. As depicted in Figure 3.5,
when the DNA concentration was lowered to 50 copies (25 cells), ~54 ±6% profile
for uniplex PCR reaction was produced while only 41.8 ±5% profile was obtained for
duplexed assays. This difference was attributed to different melting temperatures
(Tm) of the primer sets used, which varied from 55 to 60 ºC. The minimal template
concentration needed to reliably produce complete DNA profiles was 150 template
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copies (~75 cells) in the CFPCR reactor at a signal-to-noise ratio ≥3. Excessive
DNA copies tested >10,000 cells resulted in split peaks (data not shown).

Figure 3.5 Percentage of singleplex Alu DNA profiles obtained from female DNA (MCF7 Cells)
used for sensitivity study on CFPCR-µCE system as a function input DNA. Full profiles (~100 %)
are reproducibly obtained with 150 template copies hydrostatically pumped in the 40 cycle
CFPCR module at an optimal linear flow rate of 1.25 mm/s (see the inset). The Alu DNA profiles
peaks were identified based on the S/N ≥ 3 associated with each peak in the electropherograms.

3.3.4 Tracking Fluid Flow
To monitor the fluid dynamics of the affinity selection and gel injection process,
CFPCR products were hydrodynamically swept into the SPE bed, thermally released
and then electrophoresed into the µCE column using video fluorescence microscopy
recorded at 20 frames/s yielding the results shown in Figure 3.6.
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Figure 3.6 False-color ﬂuorescence micrographs showing µCE injection (a) and separation
progress (b, c, and d) of PCR amplicons generated via CFPCR of AluSTYa for male DNA
(LNCaP cell lines). A to B is the injection channel; C-D is the separation channel. The injection is
the direction indicated with the arrows from (A) to (B), separation is from (C) to (D) in the
direction indicated by the dashed arrows. The enlarged views show a plug formation in
micrograph labeled (c) and separated two DNA fragments of micrograph labeled (d). The Einj=
375 V/cm, Esep= 150 V/cm, Sieving matrix is 5% w/v of LPA (Mw=~6,000,000) in 1x TTE buffer,
containing 0.05 % MHEC.

In this work, different LPAs concentrations (e.g., 3%, 4% and 5% w/v of ~6 MDa
molecular weight) were investigated. The µCE channel filled with a 5 % (w/v) LPA
sieving matrix provided the optimal viscosity and level of entanglement for baseline
resolution of all the CFPCR products generated from the Alu DNA assays, which
ranged in size from 199 to 528 bases. The image of Figure 3.6(a) shows the
injection process in the offset injector at 375 V/cm for 30 s while Figure 3.6(b) is a
representation for using 15 V/cm pullback voltages applied after the injection
process to generate the volume-defined injection plug and to minimize peak tailing
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or to prevent extraneous sample leakage into the separation channel during the
separation process. In Figure 3.6(c) a well formed injection plug of ~200 µm in
length is shown entering the µCE channel, which later separated into two DNA
bands (Esep =150 V/cm) as shown in Figure 3.6(d). The expanded view of Figure
3.6(d) is shown with the two DNA bands start to separate after a short distance
(~600 µm) down the µCE separation channel and complete separation was achieved
at an effective column length of 3 cm.
3.3.5 Alu Typing of DNA for Sex and Ethnicity Determinations
In our previous report,51 we reported a panel of Alu markers that could be utilized
for gender and ethnicity determinations using µCE, among which AluSTYa (for
gender) and AluPV92 (for ethnicity) were demonstrated here using CFPCR-µCE
modular system. As expected, the results shown in Figure 3.7c confirmed that the
genotype of DNA from LNCaP cells was homozygous, which means that the
AluPV92 insertion is absent at both chromosomal locations resulting in only one
peak of 129 bp in length (see Fig. 3.7c), while the genotype of DNA from CCD-11
Lu cells was heterozygous, in which case two products (129 and 434 bp) were
observed (see Fig. 3.7d), which confirms that AluPV92 was absent at one
chromosomal location yielding the 129 bp product and present in the other
chromosomal location, which yielded the 434 bp product.
Using the AluSTYa primers, the results in Figure 3.7(a-b) were obtained from
typing female DNA (MCF-7 cells) and male DNA (LNCaP cell line). Because female
DNA lacks a Y-chromosome, one PCR product of 199 bp was obtained. As
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expected, male DNA, which contains both the X and Y chromosomes, produced two
PCR products of 199 and 528 bp.

Figure 3.7 Electropherograms showing CFPCR-µCE generated amplicons for gender
determination of Female DNA (a) and Male DNA (b), and for ethnicity determination of
Caucasian DNA (c) and Asian DNA (d). Esep= 140 V/cm, all the other experimental conditions
are similar to those shown in Fig. 3.3c.

Another set of primers was used to interrogate a polymorphic Alu marker to
probe the ethnic origin of a sample. Because AluPV92 is present on chromosome 16
and is the most frequent in Amerindians

53

and East Asians,52 a sample of

Caucasian origin (LNCaP) and one of Asian origin (CCD-11Lu) were analyzed to
determine the presence or absence of AluPV92 at the appropriate chromosomal
location. The results from Caucasian and Asian samples are shown in Figure 3.7c
and 3.7d, respectively. AluPV92 was confirmed by the presence of a 434 bp peak
present in the DNA of Asian origin while this peak was absent of the AluPV92
insertion, as is the case of Caucasian DNA confirmed by observation of a 129 bp
peak only (see Fig. 3.7c).
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3.4

Conclusions
The results reported herein represent the first example of integrating a CFPCR

device with µCE utilizing a modular approach.

The particularly compelling

advantage of using this modular design approach to build systems for carrying out
complex bioassays is that the appropriate material can be selected for a certain
process step to optimize performance. For example, a high Tg material is required
for the thermal reactions to minimize micro-structural deformation during operation;
thus, PC was selected as the material of choice for the CFPCR. Conversely, the
µCE and bioaffinity module required a material minimizing any non-specific
adsorption artifacts that would reduce the affinity bed’s specificity for selecting only
biotinylated PCR products and also, maximizing the number of plates for the
electrophoresis phase of the assay as well as low autofluorescence levels; therefore,
PMMA was selected as the material of choice for this module. Using monolithic
chips for carrying out complex molecular assays composed of different processing
steps do not easily permit the selection of different materials to optimize the
operational performance. In addition, a toolbox of modules can be generated and
then the proper ones selected for the integrated system to accommodate different
molecular assays, which obviates the need for redesigning different systems for
each multi-step molecular assay envisioned.
Additionally, we demonstrated in this report a high surface area bioaffinity SPE
bed microfabricated using hot embossing in the same step used to make the fluidic
network situated within a µCE PMMA module. Using this SPE bed, we generated a
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sample injection strategy from the CFPCR device, which is fraught with issues due
to Taylor dispersion, directly into the µCE device making it suitable for the analysis
of mass-limited samples. By integrating CFPCR and sample preconcentration and
analysis, these assays required a processing time of only ∼56 min (40 min CFPCR,
5 min capture and preconcentration, 4 min release, and ∼7 min µCE separation).
The similar assay took ~152 min, with 102 min for the PCR (40 cycles) with >50 min
required for the electrophoretic separation using a commercial capillary gel
electrophoresis instrument. However, the bench top assay did not include a

preconcentration and enrichment step as demonstrated for the microsystem. Using
the affinity SPE bed and the injection process employed herein, a signal
enhancement of 17 for the 199 nt and 40 for 528 nt CFPCR amplicons were
observed.
The sample manipulation technique utilized for transferring CFPCR products to
the SPE affinity bed was simple and did not require complicated valving structures
for fluid control during hydrostatic pumping. The highly viscous sieving matrix (5%
LPA, ~6.6 MDa molecular weight) and high pressure drop in the channel connecting
the SPE affinity bed and the µCE channel acted as a passive valve and prevented
any hydrodynamic flow entering the µCE channel. In addition, the thermal release
process achieved two goals; (1) Release of purified and enriched DNAs for
electrophoretic sorting; and (2) conversion of dsDNA to ssDNA via thermal
denaturation that offered higher resolution compared to the direct electrophoretic
separation of dsDNAs. The electrophoretic mobilities of ssDNA migrating from buffer
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to the gel filled separation channel decreased ~6.7-fold, which led to band
compression resulting in decreased peak width and as a result of the narrower
injection band and sample enrichment. Moreover, the microfluidic modules can be
reorganized at different levels of hierarchy to support biochemical applications of
various scales.
3.5
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CHAPTER 4. MODULAR MICROFLUIDICS FOR DNA EXTRACTION WITH
INTEGRATED CONTINUOUS FLOW PCR AND MICRO-CE PROCESS FOR
ALU DNA ANALYSIS
4.1

Introduction
Forensic DNA samples are among the most difficult specimens to process

because the template may be present in very small quantities, may be degraded, or
may be chemically altered and may require purification from difficult substrates
containing PCR inhibitors.1 In forensic DNA analysis process, sample preparation
typically consists of an extraction procedure that results in the isolation and
enrichment of components of interest from a sample matrix.

This process is

followed by the amplification of the purified DNA and electrophoretic scoring to
generate DNA profile. Increased interest in sample preparation research has been
generated by the introduction of nontraditional extraction technologies.2 These
technologies address the need for reduction of solvent use, automation, and
miniaturization and ultimately lead to on-site in situ and in vivo implementation. For
example, technologies in microfluidic systems for nucleic acid-based analyses such
as biomedical analysis3, forensic analysis 4-7, environmental sensing 8, and biological
research9, 10 have been developing at a rapid rate.
In order to conduct these nucleic acid-based analyses, the DNA or RNA must
first be extracted and purified from the sample of interest, a process which is highly
labor intensive and time consuming with multiple steps required to collect DNA or
RNA from raw samples such as whole blood, urine, saliva, serum, tissue from
biopsies, spinal fluid, and stool.2, 9, 11 The other factors considered when evaluating
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novel nucleic acid (NA) extraction procedures include DNA/RNA yield and purity,
carryover of contaminants that may interfere with downstream processing (e.g., PCR
inhibitors), potential handling and disposal of toxic materials, and the overall cost of
the procedure.12 For example, DNA purification before PCR-mediated amplification
is necessary to remove endogenous (e.g., hemoglobin) and exogenous (e.g., humic
acid from soil) contaminants found in cell lysates that can reduce PCR efficiency.13
Another instance of exogenous contaminant that is encountered in forensic case
work is the Indigo dye which is used to dye denim and other fabrics and if it is coextracted with the DNA may inhibit PCR amplification.14
Typically, several NA extraction procedures involve selective precipitation using
salts or organic extractions methods (liquid-liquid extraction) that utilize the
phenol/chloroform/isoamyl alcohol (PCIA).15 However, these well-established liquidliquid methods have been replaced by surface binding techniques (e.g., solid-phase
extraction, SPE)

16, 17

which avoids the use of organic solvents and utilize selective

adsorption of the NAs onto a solid surface followed by a solvent or surface-property
change for elution of the purified target, and a wash step is often used to remove coadsorbing impurities and further improve sample purity. SPE methods utilize
different NA-selective adsorption mechanisms. For example, chemical agents can
cause selective NA condensation via modification of the electrostatic interactions
between NA segments. Condensation can also occur through localized distortion of
the helical structure. Condensing agents typically decrease electrostatic repulsion
between NA segments through the use of mono/multivalent cations that can
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neutralize the negative charge on the phosphate backbone or cause reorientation of
the water dipoles near the NA surface.18, 19 Neutral polymers, such as polyethylene
glycol (PEG), has proved to be a general method of concentrating a variety of
biological macrostructures,20 and when used at proper concentrations in the
presence of adequate amounts of salt, provoke NA condensation through an
excluded volume mechanism.21. Accordingly, biomolecules are excluded from the
regions of the solvent occupied by the inert synthetic polymer and thus, are
concentrated until their solubility is exceeded and precipitation occurs. Due to the
nonspecific repulsive interactions between the chains of two different polymers (i.e.,
PEG and DNA) present in the same solvent, they both compete for the solvent
space, which results in their separation into two phases.19, 22
Conventional organic or silica-based chaotropic methods of extraction have the
inherent drawback of numerous sample transfer and/or centrifugation steps that
expose the sample to the outside environment, which can lead to sample mix-up
and/or contamination.23 SPE protocols can be incorporated into microfluidic formats
easily and have recently found great favor due to SPE ease of use and high
recoveries of the target NAs.12 To date, several NA analysis chips have been
developed for PCR, capillary electrophoresis, fluorescence in situ hybridization
(FISH),24 surface plasmon resonance (SPR),25,

26

surface enhanced raman

scattering (SERS), micro/nano-cantilevers,27 nanowires,28 nanopores,29 and other
nanomechanical biosensors for applications in ultrasensitive detection such as DNA
hybridization,30,

31

biomarker transcripts of human RNA,24 and viruses,32 and
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successful solution-phase silicon nanowire (SiNW) sensing of DNA,33 viruses,34
small molecules35 and proteins36,

37

have been demonstrated. However, all these

methods require off-chip sample preparation steps. Micro SPE approach is quite
appealing because microfluidics offers the ability to process samples in a highthroughput and automated format, reduce possible opportunities for contamination,
and since microfluidic device provide a closed architecture, there is no need for
sample transfer steps thereby eliminating any possible sample mix-up17, 38-40 and the
potential risk of cross-contamination is significantly reduced. By combining NA
purification with other on-chip processing steps, fully integrated lab-on-a-chip
systems can be realized with a concomitant reduction in the time, complexity, and
cost of carrying out the analysis.41, 42
Various approaches for microfluidic-based purification of NAs have been
reported. For example, DNA capture, purification, and preconcentration on
microchips have been achieved using SPE with silica and chaotropic salts.43 The
elution of DNA from the silica support is accomplished with water or low ionic
strength buffer with extraction efficiencies of ~50%.43 Other studies have employed
an amino-silane modified open channel microchip to extract DNA from blood with
adsorption/desorption of DNA controlled through pH changes in the solvent.44 Cao et
al.45 demonstrated a DNA SPE method based on changes in the charge of chitosan
as the purification medium. The authors used chitosan-coated beads to extract DNA
at pH 5 and release it from the chitosan at pH 9 with DNA extraction efficiency as
high as 92%. Tian et al.46 demonstrated the use of silica resin for the direct
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extraction of DNA from white blood cells with an efficiency of roughly 70%, while
greater than 80% of the protein was removed with a 500-nL bed volume µSPE
process in less than 10 min. Recently, Wen et al.47 addressed protein co-adsorption
during DNA purification by use of dual-phase design microchip for retention of
protein followed by a second phase containing monoliths for the selective extraction
of DNA. The authors observed a DNA extraction efficiency of 69% from human
blood

47

with ~100-fold improved capability of their two-stage, dual-phase design of

the monolith.
Blood cultures contain anticoagulants, such as sodium polyanetholesulfonate
(SPS) which is a PCR inhibitor and tends to co-purify with DNA using for example,
silica or ethanol-based extraction techniques.48 Since SPS binds to silica in the
presence of chaotropes, it elutes with water similar to DNA and washing cell pellets
by centrifugation and their resuspension does not remove SPS because it binds to
hemoglobin and erythrocyte membranes.49 Fredricks et al.48 showed that phenolchloroform normally fails to remove SPS. Alcohol precipitates SPS along with DNA,
however, DNA can be purified from SPS by extraction with benzyl alcohol in an
organic phase.48

Microfluidic-based protocols for processing cultured blood that

utilize solid-phase extraction method with the ability to remove SPS from blood
culture would be very beneficial.
The attractive aspect of microfluidics is the potential to produce wafers for highthroughput processing by densely packing analytical functions onto a single chip.
Examples of such devices include 96- or 384-channel microchip capillary
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electrophoresis wafers, protein crystallization, or microarrays.5,

50-53

These reports

did not have the ability to use SPE to purify different types of NAs (DNA or RNA)
using a single chip format in a high throughput format. Park and co-workers54
reported on the fabrication of a 96-well, disposable microfluidic titer plate for the
high-throughput purification of NAs.54 The UV-LiGA (German acronym for a threestep micro-manufacturing process consisting of lithography, electroplating and
molding) process was used for the fabrication of a nickel large area mold insert
(LAMI) for hot embossing microfluidic structures into PC that could be used for the
purification of genomic DNAs. The analytical performance of the 96-well PC-based
titer plate was extensively evaluated by Witek et al.12 for high throughput purification
of a variety of NAs, especially total cellular RNA (TRNA). The PCR was
demonstrated with the eluted DNA. Using a polymerization reaction under ultraviolet
(UV) light, positively charged carbonyl/carboxyl functional groups were created on a
PC microfluidic chip with 20 µm diameter posts fabricated on the PC surface to
implement solid phase reversible immobilization (SPRI). With the binding buffer
consisting of 3% polyethylene glycol (PEG), 0.4M NaCl and 70% ethanol, about 85%
of gDNA was extracted from a lysed E coli sample within 25 min. Previously, our
group had demonstrated the use of a photactivated polycarbonate solid-phase
reversible immobilization (PPC-SPRI) microchip for the purification of genomic DNA
(gDNA) from whole cell lysates.55 As an extension of this research, a highthroughput nucleic acid extraction system was achieved by a 96-well PPC-SPRI
microfluidic bed.12 The loading capacity of nucleic acid from E. Coli samples was
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206 ng for gDNA and 165 ng for total RNA. The extraction efficiency was 63% for
gDNA and 73% for total RNA. PCR and reverse transcript PCR (RT-PCR) were
successfully performed without any inhibition.
An important manifestation of microchips in forensic laboratories is the modular
system, where separate devices may be used for DNA extraction, DNA quantitation
and amplification, and µCE separation.56 Unlike system integration in a monolithic
fashion, modular devices provide a number of characteristics that are particularly
advantageous for forensic analysis, including the opportunity to isolate each
processing step on a different microchip. While this requires less fluidic control, the
seamless (and efficient) transfer of material from one module to the next must be
addressed. Additionally, the modular design provides the flexibility of using different
microchip substrates for each module, particularly those best suited to the process
(i.e., PC for SPE and CFPCR, PMMA for separations, etc.). They also offer the
opportunity to store evidence on-chip at virtually any (or all) steps of the analysis for
further processing at a later date. Finally, the modular design provides more
flexibility for multiplex analysis of samples for high throughput applications.56
Previously, we have demonstrated that homologous Alu insertion in X or Y
chromosome is more reliable for gender determination in forensic DNA analysis and
separation of male and female cells is not required. Further, we have shown that
AluPV92 can be used to discriminate between Caucasian DNA and Asian DNA.57
Demonstrated herein is the application of SPE microchip for the purification of gDNA
in complex matrices coupled to CFPCR with micro-CE for Alu DNA analysis using
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“modular approach” (different chips for different sample preparation methods and for
analysis). Generally, the nucleic acid sample preparation process can be separated
into two primary steps: (1) cell or tissue lysis, and (2) NA extraction or separation. In
here, we performed chemical lysis to disrupt and break down the cell membrane to
release the intercellular contents. The purification of gDNA was accomplished using
the SPE microchip module with NA extraction specificity provided by selecting IB
cocktail tailored for the target to be analyzed. The extraction efficiency was
evaluated by performing CFPCR on the purified DNA with sorting via µCE with laser
induce fluorescence (LIF) detection for securing quantitative information from
multiplexed gender and ethnicity determination.
4.2

Materials and Methods

4.2.1 Fabrication of Microchip Modules
A metal mold master insert for the spiral CFPCR polycarbonate module was
microfabricated using micro-milling machine (Kern MMP, Kern Micro- and
Feinwerktechnik, Murnau-Westried, Germany) and multiple CFPCR micro-devices
were hot embossed using a commercial press (TS-21-H-C-4A-5, PHI, City of
Industry, CA) on 3 mm thick PC substrates (Goodfellow, UK). The PC sheets, 0.5
mm thick, were used to seal the microchannels by thermal bonding. For bonding
thermal process, two borosilicate glass plates (McMaster, GA) were used to
sandwich the micro-device and cover. The assembly was subsequently placed in a
convection oven (HAFO1600, Watlow, Bloomington, MN) at 150ºC for 30 min. The
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grooves separating the three temperature zones were micro-milled (Kern MMP, Kern
Micro- and Feinwerktechnik, Murnau-Westried, Germany) on the back side of the
chips (see Figure 4.1d). The groove width was 1 mm and the depth was 2 mm,
leaving 1.5 mm of PC substrate and cover to maintain the stiffness of the 40 cycles
CFPCR chip. Two 4 cm long peek tubing (75 µm i.d.) (Hamilton, Reno, NV) were
attached and sealed to the input and output port of the CFPCR chips. The PMMA
µCE module was hot embossed via micro-replication from a metal mold master
which consisted of a capture bed and 7 cm long separation channel 50 µm wide by
80 µm deep. The capture bed was 1500 µm (wide) x 100 µm (depth) x 240 mm
(length) populated with a total of 3612 posts of aspect ratio = 2 (50 µm in diameter x
100 µm in height) giving a surface area of 116.9 mm2 with a 2.9 µL reactor volume
as described in chapter three. The small channel depth 50 µm connecting the
capture bed and the separation channel served as a passive valve and increased
pressure drop together with the 5 % LPA (~6.6 MDa molecular weight) in the
separating channel. The large channel depth (200 µm) leading to capture bed was
selected to reduce the pressure drop in high-volume flow rates and also, and also to
increase sample processing through put. Sample reservoirs and interconnecting
holes were drilled prior to cleaning the device. Appropriately cleaned µCE PMMA
devices and cover plates were exposed through an Aluminum mask to 254-nm light
in air with a power density of 15 mW cm-2 for 20 min resulting in the formation of
carboxylate moieties only in the exposed areas of the PMMA. The exposed areas
were restricted to only the capture bed region that housed the microposts. The UV –
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modified devices were assembled by thermal bonding of a 250 µm PMMA cover
plate to the 500 µm substrate. The cover plate and substrate were clamped together
and placed in a convection oven for ~20 min at 105 ºC and 107 ºC for UV-modified
and UV-unmodified µCE modules respectively.
For the SPE module (see Figure 4.1a-c), the extraction bed consisted of a series
of micro-posts that were hot-embossed from a UV-LiGA generated master into fluidic
channels in the PC substrate to increase the available load of DNA and thus, did not
require subsequent processing steps to create a high-surface area extraction bed.
Postprocessing of the SPE microfluidic module included drilling of sample reservoirs
and interconnecting holes, UV-photoactivation at 15 mW cm-2 for 20 min of the
immobilization bed, cover plate assembly and thermal bonding at 130 ºC for 25 min.
The immobilization bed of the PPC/SPE chip consisted of an ordered array of 5:1
aspect ratio—deﬁned as the ratio of structure height to lateral dimension microposts
(d = 10 µm, center-to-center spacing = 20 µm), which provided a higher surface area
compared with an open channel of the same dimensions, allowing larger gDNA
loading capacities. The immobilization bed possessed a total available surface area
of 56.8 mm2 and a net volume of 554 nL. Using the microposts with nominal post
diameter (d) of 10 µm with a center-to-center spacing of 20 µm, as opposed to 1−3
µm pore size in polymer monoliths,47 extraction of DNA could be achieved without
the risk of clogging the device from cellular debris or other sample matrix
components.
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Figure 4.1 A picture of the integrated CFPCR-µCE modular system. SPE immobilization capture
bed, post diameter = 10 µm, center-to-center post spacing =20 µm (a - b); and SEM image of the
exit/entrance section of the mold master used for replication of the SPE module (c). Pictures of
CFPCR showing thermal isolation grooves 1 mm x 2 mm (width x depth) and µCE utilized for
preconcentration and electrophoretic sorting of amplicons form CFPCR module (d). Laser
induced fluorescence (LIF) detection system showing the heater for thermal release and
electrophoresis of amplicons on a PMMA µCE module (e).

4.2.2 Chemicals and Reagents
Polyethylene glycol (PEG, Mw 8000), NaCl, ethanol, 2-propanol, were all
purchased from Sigma. The suspension solution, RNase, Proteinase, and lysis
solution C used was from GenEluteTM mammalian genomic DNA Miniprep Kit
(Sigma-Aldrich, St. Louis, MO) and used as received. A stock solution of
immobilization buffer (IB) was prepared with nuclease-free water to yield an optimal
buffer composition of 0.4 M NaCl, 3% PEG, 70%. DNA containing samples were
suspended in the IB and processed using the PPC-SPRI microchip as described
below. CFPCR products were amplified from genomic DNA templates that were
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extracted from MCF-7 (ATCC-HTB22) and CCD-11Lu (ATCC-CCL202) cell lines
obtained from ATCC (Manassas, VA). These cell lines were used as models for
sex/ethnic determinations. Cell lines were grown in ATCC-formulated Eagle's
minimum essential medium containing fetal bovine serum to a final concentration of
10%. The primers used in this work were purchased from Integrated DNA
Technologies, Coralville, IA. All the forward primers were biotin modified at the 5’
end and all the reverse primers were covalently labeled with Cy3 dye (λex 532, λem
570 nm).
4.2.3 Chemical Cell Lysis
A blood culture sample was centrifuged for 2 min at 300 x g to remove the culture
medium completely and re-suspended in suspension solution (Sigma). A known
number of cells ranging from 1500-36500 cells were drawn into 10 µL total volume of
the suspension solution. The RNase 1 µL was added followed by sample incubation
for 2 min, then 1 µL of Proteinase K and 10 µL lysis solution C, a chaotropic salt,
were added and the sample was incubated for 10 min at 70 ºC. The chemical lysed
cells were suspended in the appropriate IB ready to be introduced to the SPE
module.
4.2.4 Operation of SPE Module
Peek capillaries (75-µm-i.d.) (Hamilton, Reno, NV) connected the syringes to the
receiving reservoirs of the SPE microchips. The syringes were connected to the
peek capillary with low dead volume leur-to-capillary adapters (Innova Quartz Inc.)
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or minitight fittings (Upchurch Scientific, Oak Harbor, WA). The distal end of the
peek capillaries was glued into a reservoir on the SPE chip with an epoxy adhesive.
The extraction procedure itself consisted of load, wash, and elution steps. Then, in
the load step, 20 µL of IB buffer (0.4 M NaCl, 3% PEG, 70 % ethanol) containing the
samples (whole cell lysate) from which the DNA was to be extracted was passed
through the SPE bed through hydrostatic pumped at 2µL/min. Then followed by a 20
µL of wash buffer (2-propanol/water 80/20 (v/v)) at 10 µL/min to remove proteins and
possible PCR inhibitors that were adsorbed onto the SPE bed during the load step.
The vacuum pump is used at the output end to draw air through SPE bed to remove
ethanol and dry the bed. Ethanol removal is critical, because residual amounts of
ethanol may serve as a PCR inhibitor.58 Finally, the DNA was eluted with elution
cocktail (1x PCR buffer, dNTPs and 0.25 µmol primers each) is pumped through the
SPE bed at 5 µL/min and is collected from the SPE bed into PCR polypropylene
tube from where the purified sample could be drawn for CFPCR-µCE step.
Otherwise, the DNA was eluted in a low ionic strength TE buffer (10 mM Tris-HCl, 1
mM EDTA, pH 8.0–8.5) for UV-Vis spectrophotometric analysis and for use as
standards in the DNA quantitation assay.
4.2.5 Streptavidin Immobilization
Streptavidin immobilization was done as described in Chapter 3. Briefly, the
capture bed section of the µCE module was first UV-modified thermally assembled
and

filled

with

a

solution

dimethylaminopropyl)carbodiimide

containing

hydrochloride
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4

mg/mL

(EDC),

6

1-ethyl-3-(3mg/mL

N-

hydroxysuccinimide (NHS) in 0.1M MES (pH~4.5 - 5) for 2 hrs at room temperature
to obtain the succinimidyl ester intermediate. After this incubation, the captured bed
was cleaned with PBS (50 mM) to remove EDC/NHS solution from the device. Then,
an aliquot of 1 mg/mL of the streptavidin solution contained in 50 mM PBS (pH~7.4)
was introduced into the µCE device capture bed section and allowed to react
overnight at 4 ºC. The device was then rinsed with a solution of 50 mM PBS
(pH~7.4) to remove any un-bound streptavidin molecules. Prior to use, the µCE
channel was filled with 5 % LPA while the rest of the device contained 1xTTE buffer.
4.2.6 CFPCRs
Similarly, the CFPCR is as described previously in Chapter 3 except that the
DNA template was extracted from 750 cells from the corresponding cell lines unless
stated otherwise. Briefly, the AluSTYa primers were used to probe Alu insertion in Ychromosome and AluPV92 primers were used to probe for Alu insertion in
chromosome 16 most frequent in Amerindians

59

and East Asians.60 The forward

primers were biotin modified at the 5’ end and the reverse primers were covalently
labeled with Cy3 dye (λex 548, λem 570 nm). The AluSTYa and AluPV92 forward
primer sequence were 5′-/Biosg/CATGTATTTGATGGGGATAGAGG-3′ and 5′/Biosg/AACTGGGAAAATTTGAAGAGAAAGT-3′, respectively. The reverse primer
sequence was 5′-/5Cy3/CCTTTTCATCCAACTACCACTGA-3′ for AluSTYa and 5′/5Cy3/TGAGTTCTCAACTCCTGTGTGTTAG-3′

for

AluPV92

(Integrated

DNA

Technologies, Coralville, IA). For the singleplex and duplex PCR reactions, the PCR
cocktail contained 10 mM Tris–HCl (PH 8.3), 1.5 mM MgCl2, 50 mM KCl (USB,
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Cleveland, OH); the concentration of the nucleotides (dNTPs) were 200 µM (New
England Biolabs, Ipswich, MA), each forward and reverse primer was 0.25 µM and
0.3 µm for uniplex and duplex reactions, respectively. The nuclease-free bovine
serum albumin (BSA) was 0.5 µg/µL, and the Taq DNA Polymerase was 0.1 units/µL
(USB, Cleveland, OH). This DNA cocktail was amplified in a bench top thermal
cycler to validate the composition and as a reference for the CFPCR results. The
cycling conditions were 2.5 min at 94 ºC for preheating, and 40 cycles consisting of
denaturation for 30 s at 94 ºC, annealing for 40 s at 59 ºC, and extension for 1 min at
72 ºC and final extension for 5 min at 72 ºC. A syringe pump (Harvard 22, Harvard
Apparatus, Holliston, MA) was used to drive the PCR mixture through the spiral
micro-channel. A glass syringe (Hamilton, Reno, NV) with a syringe-to-capillary
adapter was used to make the connection between the pump and the CFPCR
module. Temperatures were maintained during operation using electrical resistance
heaters (KHLV-101/10, Omega Engineering, Inc., Stamford, CT) under closed-loop
PID control (CN77R340, Omega Engineering, Inc., Stamford, CT). Temperature
feedback

was

through

Type

K

thermocouples

(5TC-TT-K-36-36,

Omega

Engineering, Inc., Stamford, CT) mounted between the cover plates and heaters.
Prior to CFPCR, a dynamic coating was applied to the device by pumping 50 µL of
0.5 µg/mL BSA of at 0.5 mm/s linear velocity to prevent nonspecific adsorption of the
PCR reagents to channel walls. Then, the PCR cocktail was introduced at the
appropriate volumetric flow rate to produce the desired linear velocity (1-2 mm/s) in
the microchannel. The outlet of the CFPCR device was connected to the inlet of µCE
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device comprising the streptavidin activated capture bed. Next the µCE device was
washed with 10-15 µL of 1xTTE buffer and the captured PCR products were
thermally released at 85 ºC followed by electrophoresis with LIF detection as
described in Chapter 3 (see Figure 4.1e).
4.2.7 UV-VIS Spectroscopy
The quality of the genomic DNA extracted for the SPE module was determined
by spectrophotometric analysis using an Ultraspec 4000 Spectrometer (Amersham
Pharmacia Biotech, Piscataway, NJ). The DNA was diluted in TE Buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8.0–8.5) and the absorbance at 260 nm and 280 nm was
measured using a quartz microcuvette. The absorbance was kept between 0.1 and
1.0 which is within the linear range of the spectrophotometer by diluting the DNA
sample accordingly. An absorbance of 1.0 at 260 nm corresponds to approximately
50 mg/mL of double stranded DNA. The ratio of absorbance at 260 nm to 280 nm
(A260/A280) was determined for all DNA samples.
4.2.8 Fluorescence Spectroscopy
Following the SPE protocol described above, the purified dsDNAs extracted from
1500, 4500, 900,13500,18000, 22500, 27000, 31500, and 36000 cells were stained
with PicoGreen Reagent (excitation 480 nm/ emission 520 nm, Molecular Probes).
The emission spectra were acquired using FLUOROLOG®-3 spectrofluorometer
(Jobin Yvon Inc., Edison, NJ) equipped with a 450 W xenon lamp and a cooled
Hamamatsu R928 photomultiplier (Bridgewater, NJ) operated at 900 V in a photon162

counting mode with the resulting emission spectra used for determining the
concentration of DNA in the samples. The PicoGreen dsDNA Quantitation Reagent
is supplied as a 1-mL concentrated dye solution in anhydrous dimethylsulfoxide
(DMSO). Before the experiment, an aqueous working solution of the PicoGreen
Reagent was prepared by making a 1:200 dilution of the concentrated DMSO
solution in 10 mM Tris-HCl, 1 mM EDTA, pH 7.5 (TE). To prepare enough working
solution to assay 20 samples, 100 µL PicoGreen dsDNA Quantitation Reagent was
added to 20 mL TE. This solution was prepared in a plastic container as
recommended by the manufacturer, because the reagent may adsorb to glass
surfaces. Since PicoGreen Reagent is susceptible to photodegradation the working
solution was protected from the light by covering it with Aluminum foil or placing it in
the dark. For best results, this solution was used within a few 30 min of its
preparation. The high-range standard curve was constructed using PicoGreen green
stained native DNAs of concentrations ranging from 250 pg/ µL to 1000 pg/µL for
DNA standards and correlation coefficient for DNA standards were determined.
4.2.9 Slab Gel Electrophoresis
Slab gel electrophoresis was

done on CFPCR products and PCR products

obtained from Eppendorf Thermal Cycler (Brinkmann Instrument Inc., Westbury, NY)
using a 3% agarose gel (Bio-Rad Laboratories, Hercules, CA) prestained with
ethidium bromide. Amplicons were indexed against a DNA sizing ladder (50 -1000
bp, Molecular Probes, Eugene, OR). The CFPCR efficiency was evaluated by
comparing to the benchtop PCR results. Separation was performed at 4.8 V/cm in
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1xTBE (Tris/Boric Acid/EDTA, Bio-Rad Laboratories). After separation, the gels were
imaged using a Logic Gel imaging system (Eastman Kodak) and the banding
intensities of the 1-D gels were analyzed using ImageQuant software.
4.3

Results and Discussion

4.3.1 UV-VIS Spectroscopy
The absorbance reading at 260 nm for all DNA extracted via SPE module of
1.5×103, 4.5×103, 9×103, 1.35×104, 1.8×104, 2.25×104, 2.7×104, 3.15×104, and
3.6×104 cells were measured and the amount of DNA determined as 9.7±2.5,
27.5±5.3, 63±12.6, 87.3±19.2, 117±19.6, 118±20.1, 118±19.6, 117±17.4, and
118±19.7 ng, respectively. Clearly, there was no observed increase in the amount of
DNA extracted beyond 1.8×104 cells (~117 ng), which is indicative that the maximum
loading capacity or saturation level of the capture bed was reached. The ratio of
absorbance at 260 nm to 280 nm (A260/A280) for all DNA samples was 1.8-1.9 (n= 3)
which is indicative that the SPE module was capable of extraction of gDNA of high
purity.
4.3.2 Fluorescence Spectroscopy
The purified dsDNA sample extracted from the cell lysate containing a known
number of MCF-7 or CCD-11Lu cells ranging from 1.5×103 to 3.6×104 was stained
with PicoGreen Reagent and the emission spectra were acquired as shown in Figure
4.2. From these results, the maximum fluorescence intensity was reached with
between 2.25×104-3.15×104

cells which corresponds to a theoretical calculated
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value of 148-209 ng of gDNA since 1 diploid cell yield ~ 6.6pg of DNA. This
corresponds to a calculated loading density of gDNA of 262 – 370 ng/cm2 on the
SPE module.

Figure 4.2 Fluorescence emission spectra showing fluorescence enhancement of Quant-iT™
PicoGreen reagent upon binding to dsDNA extracted from cell lysate containing 1500, 4500,
9000, 13500, 18000, 22500, 27000, 31500 and 36000 MCF-7 cells loaded onto the microchip
using the SPE purification protocol. The gDNA was immobilized to the activated surface using
3% PEG, 0.4 M NaCl and 70% ethanol. Samples were excited at 480 nm. Emission spectra for
samples containing dye and nucleic acids, as well as for dye alone (blank) are shown.

To obtain the results shown in Figure 4.3, the signal intensity at the maximum
fluorescence emission (lmax= 553 nm) of the reagent blank was subtracted from that
of each of the sample cell lysates from Figure 4.2. The amount of fluorescence
increased with the number of cells present in the cell lysate upto between 2.252.7×104 cells. The graph levels off from 2.7×104 cells indicating that the bed capacity
was reached and no more DNA could be captured on the SPE module. The
evaluation of the number of cells present in the cell lysate that were sufficient to
saturate the SPE module was estimated to be 1.9×104 ± 3×102 cells which yield
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corresponds to ~118 ±20.1 ng total DNA which correspond to bed load capacity of
209 ± 35.6 ng/cm2.
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Figure 4.3 Plot of background subtracted fluorescence emission intensity at 553 nm of dsDNA
as a function of calculated number of starting MCF-7 cells in the cell lysate for DNA extraction.
These results are for dsDNA from the cell lysate loaded onto the microchip using the SPE
purification protocol (see Figure 4.3). The gDNA was immobilized to the activated surface using
3% PEG, 0.4 M NaCl and 70% ethanol. Shown also is the theoretical gDNA yield for each
number of diploid MCF-7 cells. Error bars represent total observed range of maximum
fluorescence peak intensity values at 553 nm.

Figure 4.4A shows the fluorescence quantification of two unknown dsDNA U1
and U2 extracted from 1.5×104 and 5×103 MCF-7 cells respectively. The
concentration for U1 and U2 was 0.67 ng/µL and 0.26 ng/µL, corresponding to 81.6
and 28.2 ng total dsDNA, respectively. Theoretically, considering that 1 diploid cell
yield ~6.6 pg, the DNA recovered from 5×103 and 1.5×104 cells was determined to
be 85.5% and 82.4 % respectively. For the sample to serve as an effective control,
the dsDNA solution used for standard curve (Figure 4.4B) was treated the same way
as the extracted gDNA (experimental samples) using the SPE module and contained
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similar compound levels. The correlation coefficient for standard curves of both
sample DNAs and standard DNAs was ≈ 0.9865 (n=3).

Figure 4.4 Fluorescence quantification of pure dsDNA samples ranging from 0.25-1 ng/µL and
2 unknowns (U1 and U2) which were extracted and purified from 15000 and 5000 MCF 7 cells,
respectively using SPE module concentration of dsDNA samples (A). Linear calibration curve for
high-range dsDNA quantification (B) The gDNA was immobilized to the activated surface using
3% PEG, 0.4 M NaCl and 70% ethanol

Figure 4.5A presents a SPE-PCR-CE analysis conducted on modular
microsystem using 750 MCF-7 cells and amplified by a multiplex PCR with primers
for the two markers AluSTYa and AluPV92. From PicoGreen dsDNA quantitation
measurements, 750 cells yield ~ 4.1±0.8 ng total DNA. Note the presence of both
peaks, 199 nt from AluSTYa and 129 nt from AluPV92 in gender and ethnicity
determination assay. The 199 nt peak depict that the DNA from MCF-7 is female
since female DNA do not have Y-chromosome. Since there is no AluPV92 insertion
in the gDNA from MCF-7 cells the genotype is homozygous for absence of AluPV92.
Depicted by a single peak 129 nt which infers correctly that MCF-7 DNA is not of
Asian origin.
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Figure 4.5 Electropherograms showing multiplex (AluSTYa and AluPV92) results from integrated
modular microfluidic system for female Caucasian DNA (A) and Asian male DNA (B) for 750
cells corresponding to 4.95 ng total gDNA. C and D shows ~3-fold signal intensity increase
corresponding to 3.3 times increase in the number of input cells (2500 cells) of female
Caucasian and Asian male DNA, respectively. E and F is Negative control amplified without cells
present (number of cells=0). Sieving matrix used experiments was 5% LPA containing 0.05 %
MHEC (for EOF suppression) constituted in 1xTTE buffer showing. Einj = 375 V/cm, Esep= 150
V/cm.

The electropherogram in Figure 4.5B is generated after PCR amplification from
750 CCD-11Lu cells and shows a total of four peaks. The 199 and 528 nt peaks
indicate that the DNA is from male since male DNA has X and Y chromosome.
AluSTYa probes for insertion in Y chromosome hence CCD-11Lu generated and an
addition peak (528 nt) from Y-chromosome. The other two peaks labeled 129 and
443 nt indicate that the of AluPV92 insert is present in only one chromosomal
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location of chromosome 16. Therefore, the genotype of CCD-11Lu is heterozygous
since it yields two different product lengths with AluPV92 assay. Figure 4.5C and
4.5D are multiplex SPE-CFPCR-µCE reactions with 2500 cells of MCF-7 and CCD11Lu, respectively. The 2500 cells correspond to ~14.5 ±2 ng total gDNA determined
from the PicoGreen dsDNA quantitation measurement. Clearly, the signal intensity
increased ~3-fold when input cells were increased by about the same magnitude.
However, the signal intensity was unchanged for longer fragments 443 nt from
AluPV92 and 528 nt from AluSTYa, as shown in Figure 4.5D. Plate numbers of 1.5
x105 m-1 for the 199 base fragments was obtained with a resolution between
fragments 129 and 199 bases of 2.2 using an effective separation distance of 5 cm,
150 V/cm of separation electric field strength, and a 5% (w/v) LPA matrix in 1x TTE
buffer. Figure 4.6E and F presents a negative control reactions run without cells.
These reactions were performed before the reactions whose results are shown in
Figure 4.5 A and B, respectively. As expected, the absence of any amplicons in the
negative control confirms the absence of any amplifiable gDNA in the PCR cocktail.
4.3.3 CFPCR Efficiencies
Amplicons were indexed against a DNA sizing ladder (50-1000 bp, Molecular
Probes, Eugene, OR) using slab gel electrophoresis. Separation was performed at
4.8 V/cm in 1xTBE (Tris/Boric Acid/EDTA, Bio-Rad Laboratories). After separation,
the gels were imaged using a Logic Gel imaging system (Eastman Kodak). Although
it took 35 min for the CFPCR in the 40-loop spiral CFPCR module compared to over
95 min conventional bench top PCR the CFPCR efficiency was ~ 25% ±4% for
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singleplex and ~21% ± 6% for multiplex CFPCR. This could be due to Taq
polymerase adsorption on the microchannel walls due to the high surface-to-volume
ratio of the long channel.
The bench top PCR results of these experiments are shown in Figure 4.6(A)
where lanes labeled (a-d) is singleplex and lanes labeled (ac) and (bd) represent
duplex PCRs. The DNA template used for lanes labeled (a and c) and (b and d) was
from MCF-7 (model DNA for Caucasian female) and CCD-11Lu (model DNA for Asia
male) cells respectively. The primers used to generate singleplex results shown
lanes (a and b) was AluSTYa which gives 199 bp for female DNA and 199 and 528
bp for male DNA, results for lanes labeled (c and d) were singleplex PCRs which
probe for insertion of AluPV92 frequently found in DNA of Asian origin. A PCR
product of 129 with AluPV2 assay indicates the absence of AluPV92 insert in
chromosome 16 while a PCR product of 443 bp indicate an AluPV92 insert. The
duplex reactions shown in lane labeled (ac) generated from MCF-7 and lane (bd)
generated from CCD-11Lu were performed using both AluSTYa and AluPV92
primers. The gel images depicted in Figure 4.6(B) (singleplex) and Figure 4.6(C)
(duplex), represent amplicons generated from micro-CFPCR while all the lanes
labeled (M) in Figure 4.6(A-C) represent the negative control (no template).
The lower overall yield of the micro-CFPCR compared to the commercial thermal
cycler may be due to several factors. In the micro-device the Taq polymerase has
more opportunity to adsorb on the microchannel walls due to the high surface-tovolume ratio of the long channel. Since the PCR cocktail components are flowing at
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similar flow rates within the microchannel there is also less mixing during the
reaction. In contrast, in a commercial thermal cycler, thermal convection recirculation
inside a 0.2 mL PCR tube can promote further mixing of the PCR cocktail and
increase the chances of the reaction occurring and the smaller surface-to-volume
ratio provides less opportunity for nonspecific adsorption of the Taq polymerase.

Figure 4.6 Fluorescence images of ethidium-stained 3% agarose gel showing the amplicons
from (A) Benchtop PCR where lanes labeled (a-d) and (ac-bd) are singleplex and duplex
reactions, respectively (B) micro-CFPCR singleplex and (C) micro-CFPCR duplex reactions. All
the lanes labeled (a) and (b) are singleplex for AluSTYa primers, lanes (c) and (d) are singleplex
for AluPV92 primers and lanes (ac) and (bd) are duplex PCRs with both primers. For AluSTYa,
female DNA is identified as having one amplicon (199 bp) in all lanes labeled (a) while the male
DNA gives 2 products (199 and 528 bp) all lanes labeled (b). With AluPV92 Caucasian DNA is
identified as having one product (129 bp) all lanes labeled (c) and Asian DNA as having either
one product 443 bp (homozygous) or 2 products (129, 443 bp) for heterozygous as shown in all
lanes labeled (d). Lanes (a, c, and ac) are MCF-7 cells, and lanes (b, d and bd) are CCD-11Lu
representing female Caucasian and Asian male DNA, respectively. (M) is the DNA sizing ladder,
and (Blank) is a negative control (no DNA in the sample). Bench topPCR conditions were as
follows: 2:30 min @ 94 ºC; 32 cycles consisting of; 1 min @ 94 ºC; 1 min @ 59 ºC; and 1 min @
72 ºC. micro-CFPCR isothermal zones were in the ratio of 1:1:4 for denaturazation(95
ºC):annealing 59 ºC:extension 72 ºC and 1.04 mm/s linear flow rate. The concentration of DNA
amplified was 4 ng/µL.
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4.4

Conclusions
While short tandem repeat (STR) typing forms the backbone of current national

DNA databases and day-to-day forensic casework, additional DNA marker systems
such as single nucleotide polymorphisms (SNPs), Alu-insertion elements, and
phenotypic predictors can be used as alternative genetic markers and assays to
provide further information about biological samples, such as an estimation of ethnic
origin, physical characteristics, and skin, hair, or eye color. This study has shown
that Alu DNA markers can be utilized for sex and ethnic determinations using a
SPE/PCR/µCE assay that in many cases, can supplement the information obtained
from STR-type markers, and by combining the AluSTYa and AluPV92 loci together
for human gender identification and ethnicity determination, respectively, increased
accuracy for human identity testing can be secured.
The integrated microfluidic system approach, with LIF detection for multiple
CFPCR amplifications along with the inclusion of sample pre-processing steps (e.g.
SPE purification of cell lysed samples), and downstream sample preconcentration
and analysis onto the modular system provided an autonomous system for Alu
typing with short assay turn-around times in which, the entire assays were
streamlined to only ∼80 min (10 min for SPE, 35 min CFPCR, 5 min capture and
preconcentration, 15 min purification and ∼15 min CE separation which include 5
min thermal release). By matching material to application, the modular design
provides the flexibility of using different microchip polymer substrates for each
module, particularly those best suited to the process (i.e., PC for DNA extraction and
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CFPCR, PMMA for separations, etc.). They can also offer the opportunity to store
evidence on-chip if needed for the analysis for further processing at a later date.
4.5
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CHAPTER 5. FUTURE WORK AND CONCLUSIONS
5.1

Experimental Studies and System-Level Simulations for the Design and
Fabrication of Modular Microfluidic Systems for Genotyping

5.1.1 Introduction
Since microfluidic systems are increasingly used in the areas of proteomics,
drug discovery, molecular testing, and genotyping. It is important that integrated
microfluidic systems be tested in an environment emulating their intended use to
enable the refinement of, optimal design, and efficient operation while ensuring that
design meets operators' requirements. Because experimental trial-and-error can
lead to unacceptably long design cycle times, bringing multi-physics system-level
simulations into play far early in the design cycle can speed the development of
complex modular microfluidic systems for molecular studies, genotyping and pointof-care applications.
The future work is to develop a universal, portable instrument for automated
sample preparation and genetic testing. All of the bioanalytical processing, from
sample reception to readout, will be done on a disposable, plastic microfluidic chip.
The operation of the chip will be provided by electronic, optical, and hydraulic
elements located off-chip. The sequence of sample processing steps performed on
the plastic biochip includes cell lysis, DNA extraction, polymerase chain reaction
(PCR) and micro-capillary electrophoresis. A prerequisite and basic need for
researchers and clinicians working with DNA involves gathering information on
select portions of often minute biological samples. For this purpose, continuous flow
polymerase chain micro-reactors are suitable for rapid amplification of small
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amounts of target DNAs. The reactor design, optimal amplification time and flow
velocity through isothermal zones of the device will be modeled computationally to
aid in microfluidic system design. The integrated microchip will be prepared by hotembossing into poly(methyl methacrylate) (PMMA) and polycarbonate (PC) from a
brass master fabricated via high precision micro-milling.1 The fluidic device will be
fitted into an instrument equipped with the control and detection peripherals.
5.1.2 CFPCR Simulation
During the CFPCR, the fluid quickly reaches thermal equilibrium at each discrete
isothermal zone at flow velocities that are near the design value in devices where
optimal temperature profiles are obtained. At high flow velocities, however, there are
penalties of an increased pressure drop and reduced residence time in each
temperature zone that can potentially affect amplification efficiency.2 The flow and
temperature distribution (heat transfer) across a polycarbonate (PC) microfluidic chip
designed for CFPCR has been evaluated.3 For the simulation, a model for fluid flow
and heat transfer 3 will be employed. It is observed that specific modification such as
the inclusion of grooves between the three temperature zones, use of thinner
polymer substrate and system heating by utilizing solid copper blocks, led to vastly
improved thermal management, and as a consequence, the greatest increase in
amplification efficiency.3 The temperature distribution of CFPCR will be obtained via
finite element (FE) simulations with ANSYS (v. 11.0, ANSYS, Inc., Canonsburg, PA).
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5.1.3 Numerical Simulations
Numerical simulations will be conducted to examine the detailed characteristics
(e.g., length, peak concentration, concentration distribution) of a material plug
generated electrokinetically through a standard cross-channel configuration.
Numerical simulations will be used to evaluate the effects of non-sharp intersections
of cross injectors on the size and shape of electrokinetically injected samples.

Figure 5.1 (a) Numerical simulations of loading and dispensing of sample into cross injectors
with different geometries. Reproduced with permission from reference [1]. (b)
Electropherograms of amplicons from typing AluSTYa for male DNA (E = 125V/cm). Sieving
matrix 2.5 % LPA containing 7 M urea, buffer 1xTTE containing 0.05% w/v MHEC.1-waste, 2buffer, 3-sample, and 4-separation microchannel. Reproduced with permission from reference
[4].

In Figure 5.1(A), the pictures present only the central part of the simulated
microchannel. The following conditions were used: loading 1 at 33.4 V; 3 at GND; 2
and 4 were floating. Dispensing: 1 and 3 float, 2 at GND, 4 at 66.8 V. Eload = Edisp =
167 V/cm; tload = 7.5 s, tdisp = 11 s. t0 corresponds to the start of dispensing; t1 and t2
were taken at 1 s increments. The results of the numerical simulations indicated that
additional injection volume present in the cross injector due to the curvature of
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micromilled corners led to increased sample plug size. This effect could be
minimized for designs with radius of curvature to channel width ratios (R/W) of less
than 0.5. The use of this optimized design is shown in the electrophoretic results4 of
Figure 5.1B.
5.2

Integrated Modular Microfluidic Systems with Multicolor Fluorescence

5.2.1 Acoustic Optical Tunable Filter (AOTF) - LIF Detection
In single color detection systems, the amount of information that could be
obtained in a single experiment is limited because of the overlap of fragments sizes
from multiple loci. This is also observed in single color analysis of the STRs loci
where allele sizes from multiple loci overlap.5 In future a compact detection system
will be used, which incorporates four-color capabilities necessary for the typing
assays using a solid-state laser Nd: YAG laser (10 mW, 532 nm) for excitation to
provide sufficient sensitivity for sub-attomole detection. The system will utilize an
acoustic optical tunable filter (AOTF), where only one photon detector is required
resulting in a reduction in the detector footprint. Figure 5.2 shows a schematic of the
optical hardware that will be exploited in the AOTF-LIF system. The fluorescence
detector will be optimized for four-color emission between 570 and 750 nm using
fluorescence resonance energy transfer (FRET) to allow single laser excitation of the
PCR products. The AOTF-LIF integrated modular microfluidic systems will offer
decreased sample and reagent volumes, faster analysis times, and a small footprint
for portability.
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Figure 5.2 Experimental setup for a compact multicolor LIF detection with acousto-optic tunable
filter (AOTF) showing all the optical components. The single excitation is 532 nm, and the four
emissions are centered at 570, 617, 668, and 703 nm.

By utilizing an AOTF, only one photon detector is required and few optical
components such as dichroic mirror and beam splitter that otherwise are required for
each color multiplexing. The AOTF (see Figure 5.3) is a simple, robust and flexible
tool suitable for micro total analysis systems (µTAS) utilizing multicolor fluorescence
detection without the need for additional optical components. The high switching
speed enables faster data collection a requirement for high throughput analyzers.
Figure 5.4 shows repeatedly fluorescence response of Cy3 labeled oligo collected in
the initial alignment experiments using a PMMA microchip.4
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Figure 5.3 A photograph of an AOTF for color multiplexing model TEAF10-0.500-0.800-L.
Dimensions: (50 mm X 20 mm X 20 mm). Wavelength range: 500-800 nm and the optical
aperture: (5 x 5 mm).
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Figure 5.4 Cy3 labeled oligo (50 nM) in PMMA micro-channel. AOTF was operated in a
sweeping mode from 80 MHz (860 nm) trough to 160 MHz (490nm) an increment of 0.5 MHz
(24.73 nm/sec). Inset: scanning repeated in loop mode. Reproduced with permission from
reference [4].

Work in the future includes field testing and evaluation of the fluidic system for
processing DNA samples (Alu sequences and STRs) and packaging the fluid
handling and optical components into a high throughput format into a field183

deployable unit measuring approximately 12” x 12” x 12”.6 For

four color

fluorescence detection with single excitation laser source, Cyanine dye (Cy 3) will be
used as donor and three acceptor dyes (Alexa Fluor dyes AF594, AF647 and
AF700) to exploit Fluorescence Energy Transfer (FRET) (see Figure 5.5).

Figure 5.5 Emission spectra showing Donor dye: Cy3, Acceptor Alexa Fluor dyes: AF594,
AF647 and AF700. The spectra are obtained from Molecular Probe spectra viewer.

Since methods and protocols for Alu typing which can be used alongside STR
have been developed and demonstrated in this dissertation, multilocus CFPCR for
human specific Alus will be developed with the dye set mentioned above for portable
integrated modular microfluidic system. The primer design for multiplex CFPCR of
human specific Alus will be developed and tested and complex mixture analysis for
human Alus and animals (feline, canine) often found at crime scenes, and whose
trace of evidence can be adduced to a particular crime, will be done to simulate
typical forensic casework.
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5.3

Conclusions
In this study, component-level simulations have used to optimize device

performance. However, to integrate components into systems the question
becomes:

Can

component-level

simulations

translate

into

optimal

system

performance? The results have shown this will not be the case and high dependency
of inter-component operation at the system level will require system level
simulations.7 The use of these system-level simulations will minimize the number of
test chips that need to be fabricated, significantly reducing cost and time associated
with prototype delivery. Current experimental results will be used for algorithm and
simulation optimization and verification. Due to their complexity, the use of
Cybertools will be required to affect these simulations. Numerical simulations of fluid
flow, heat transfer as well as electrical transfer will be used to develop design rules
for multi-module biosensors required for constructing systems. System modeling will
include system assembly, material mismatch and selection, integration, and
geometrical architectures.
The driving force behind the increasing development of integrated microfluidic
systems is certainly due to their commercialization and their wide applications in
biology, chemistry and other disciplines which strongly demand for the emergence of
microfluidics systems of higher performance and throughput. By incorporating faster
AOTF switching and increased fluorescence sensitivity such portable systems will
offer compelling advantages such as short assay turnaround times, automated
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operation, improved operator protection, lower cross-contamination, reduced human
error and lower overall assay cost.
5.4
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worked for Regal Pharmaceuticals Ltd., in Nairobi, Kenya, as quality control chemist. After
leaving Regal Pharmaceuticals in 2001, Samuel accepted an offer as a teacher of chemistry
and physics at Pioneer School, Murang’a-Kenya. While still teaching at Pioneer School, he
had enrolled for Certified Public Secretaries (CPS) exams offered by Kenya Accountants
and Secretaries Examination Board (KASNEB) and completed the final level in 2005. In the
Fall 2006, he was accepted to Graduate School doctoral program in the Department of
Chemistry at Louisiana State University (LSU). In graduate School, he received Charles E.
Coates memorial travel award to attend Pittsburg Conference 2011 in Atlanta, Georgia, and
Teaching Assistant Scholar award for excellence teaching chemistry 2010-2011. Earlier in
the Spring 2010 he had received the Excellence Graduate Oral Presentation Award from
Advanced Design Consulting USA, Inc., Lansing, New York, and the Institute of Physics
(ADC/IoP Award) for the presentation in microfabrication presented at the Center for
Advanced Microstructures and Devices (CAMD). Samuel Kimani Njoroge is currently a
candidate for the Doctor of Philosophy in bioanalytical chemistry division, which will be
awarded at the August 2011 commencement at LSU, Baton Rouge.
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